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1 Introduction 
Endocytosis is the uptake of extracellular substances into cells through the 
internalization of the plasma membrane derived vesicles. It is a fundamental process 
found in all eukaryotes required for diverse cellular functions such as turnover and 
degradation of plasma membrane proteins and receptors, nutrient uptake, elimination of 
pathogenic microorganisms, spread of morphogens and cell-to-cell communication at 
synapses (Olson and Grose, 1997; Pfeiffer and Vincent, 1999; Gitan and Eide, 2000; 
Lin and Scheller, 2000; Di Fiore and De Camilli, 2001; Loder and Melikian, 2003; 
Naslavsky et al., 2004). In the following, a short overview on endocytosis in animals 
and plants is given including differences and similarities in both systems based on 
current knowledge. 
1.1 Endocytosis in Animals 
According to the type of cargo and molecular machinery driving its internalization, 
several forms of endocytosis have been defined in mammalian cells. These endocytic 
pathways include clathrin-mediated, caveolae/lipid raft-mediated, clathrin- and 
caveolae-independent endocytosis, fluid-phase endocytosis, and phagocytosis 
(Steinman and Swanson, 1995; Mellman, 1996; Nichols and Lippincott-Schwartz, 2001; 
Nabi and Le, 2003). Most knowledge on endocytosis derives from studies on receptor-
mediated clathrin-dependent endocytosis. This is highly regulated and serves to down-
regulate receptors, permits transmission of signals or the selective uptake of extra-
cellular ligands. A central feature of clathrin-dependent endocytosis is the 
macromolecular lattice (clathrin coat) required for the budding of endocytic vesicles 
(Mellman, 1996). This special coat consists of the structural protein clathrin and several 
adaptor proteins and interacts with the large GTPase dynamin (van der Bliek et al., 
1993; Damke et al., 1994; De Camilli et al., 1995) as well as with cytoskeletal and 
signaling protein complexes (Engqvist-Goldstein and Drubin, 2003). The internalization 
of specific surface receptors and their ligands by receptor-mediated endocytosis starts 
with selective sequestration of the receptors into specialized structures on the cell-
surface termed clathrin-coated pits (CCP). These sites of rapid endocytosis are 
responsible for the internalization of a large variety of surface receptors and proteins. 
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The selective accumulation in coated pits and internalization of receptors usually 
involves at least two types of signals: the tyrosine-based motif and the dileucine-based 
motif (LL) where one leucine can be replaced by an isoleucine (Trowbridge et al., 1993; 
Marks et al., 1997). Both motifs can be found in the cytoplasmic tail of the poly-Ig 
receptor (pIgR), a well studied, fast internalizing receptor responsible for the serosal-to-
mucosal transepithelial transport of dimeric IgA and pentameric IgM via the 
transcytotic pathway in secretory epithelial cells (Okamoto et al., 1992). The most 
thoroughly examined of these motifs is probably the tyrosine-motif that consists of a 
sequence of 4-6 amino acids, specifically containing a tyrosine that is crucial for proper 
endocytic targeting such as the YXXΦ motif (where Y refers to tyrosine, X refers to any 
amino acid residue, and Φ refers to hydrophobic residues with a bulky side chain) 
(Warren et al., 1998). Although receptors bearing tyrosine-based internalization signals 
all initially depend on clustering into clathrin-coated pits for efficient endocytosis, they 
are not necessarily destined for the same location within the cell. 
The recruitment of clathrin is initiated by adaptor proteins such as AP2 (Chang 
et al., 1993; Peeler et al., 1993; Sorkin and Carpenter, 1993; Carpenter et al., 1995; 
Sorkin et al., 1995), AP180 (Prasad and Lippoldt, 1988; Hao et al., 1999; Ford et al., 
2001) and epsins (Chen et al., 1998; Kalthoff et al., 2002) that interact with plasma 
membrane phospholipids, cytoplasmic domains of receptors, and synaptotagmin (Wang 
et al., 1993; Zhang et al., 1994). Clathrin is a multimeric protein with a characteristical 
triskelion structure build of three 180-kDa heavy chains complexed by a 30-35 kDa 
light chain (Mellman, 1996). Hexagonal and pentagonal assembly of clathrin triskelions 
at the inner surface of the plasma membrane leads to the formation of the clathrin coat 
of clathrin-coated pits (CCPs) and vesicle invagination in an energy requiring process 
(Lin et al., 1991; Smythe et al., 1992). Clathrin-coated pits bud off to yield clathrin-
coated vesicles that move into the cell interior. The vesicles rapidly lose their coats, 
which facilitates fusion with early endosomes, a dynamic array of tubules and vesicles 
distributed throughout the peripheral and perinuclear cytoplasm (Geuze et al., 1983; 
Marsh et al., 1986; Tooze and Hollinshead, 1991). The early endosome is also referred 
as sorting endosome as it is an important center for sorting of cellular proteins 
(Gruenberg and Maxfield, 1995). Here, internalized material from the plasma 
membrane meets with newly synthesized proteins from the TGN that are destined for 
late endosomes/lysosomes (Ludwig et al., 1991). Early endosomes are divided into 
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membrane sub-domains and are constantly in the process of fusing and separating 
(Gruenberg, 2001; Zerial and McBride, 2001). Due to their slightly acidic luminal 
pH 6.2 relative to the extra-cellular environment maintained by a H+-ATPase (Al-
Awqati, 1986; Forgac, 1992), many endocytosed ligands dissociate from their receptors. 
Released receptors are transported from the early endosome to the recycling endosome 
for further transport back to the plasma membrane or will stay together with proteins 
destined for the degradative pathway in a sub-domain of the early endosome that will 
give rise to a multi-vesicular body (MVB), named after its round shape and the presence 
of numerous internal vesicles (Murk et al., 2003). MVBs are physically separated from 
early endosomes from which they differ in their protein-lipid composition in addition to 
their different morphology (Stahl and Barbieri, 2002). From there the cargo is 
transported to late endosomes that again are distinct compartments containing proteins 
and lipids not found on MVBs (Gruenberg, 2003). Proteins in the late endosomes either 
exit this compartment and recycle back to the TGN (Pfeffer, 2003) or are transported to 
the lysosome (Luzio et al., 2001; Piper and Luzio, 2001). The morphological diverse 
membranous tubulo-vesicular compartments of the endocytic pathway are marked by 
enrichment in specific membrane lipids and presence of membrane-associated small 
GTPases of the Rab family that allows the differentiation of the distinct compartments. 
Early/sorting endosomes are defined by the presence of Rab5 and Rab4 (Chavrier et al., 
1991; Novick and Zerial, 1997), structural sterols, PI-3-P (phosphatidylinositol-3-
phosphate, (Zerial and McBride, 2001)), Annexin II (Emans et al., 1993) and EEA1 
(Wilson et al., 2000). Recycling endosomes are marked by the small GTPases Rab4 and 
Rab11 (Yamashiro et al., 1984), and the transferrin receptor (Yamashiro et al., 1984). 
Binding of Hrs/Vsp23p (Babst et al., 2000; Lloyd et al., 2002) to receptors in a PI-3P-
containing membrane will guide the receptors to the so-called ESCRT-I complex 
(endosomal complexes required for transport) which, together with other complexes, 
mediates internal vesicle formation and segregation of the receptor into theses vesicles 
of the MVB (Katzmann et al., 2001). From the MVB, cargo is transported to late 
endosomes, characterized by Rab7 and Rab9 (Chavrier et al., 1990; Feng et al., 1995). 
The membranes of late endosomes and lysosomes – the final destination for degradation 
– are rich in glycosylated integral membrane proteins such as the lamp/lgp family 
proteins (Chen et al., 1986; Akasaki et al., 1995). The lysosome is further characterized 
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by the presence of the mannose 6-phosphate receptor (MPR) that cycles between the 
TGN and lysosomes (Griffiths et al., 1988). 
In contrast to clathrin-mediated endocytosis, caveolae/lipid raft-dependent 
endocytosis is independent from clathrin. Here, endosome formation at the plasma 
membranes starts at membrane invaginations called caveolae that are coated with 
caveolins (Rothberg et al., 1992). However, the endocytic function of caveolae still 
remains controversial half a century after their first description. Unlike clathrin-coated 
pits, caveolae are abundant in some cell types (adipocytes, endothelia, muscle) but 
undetected in others (lymphocytes, many neuronal cells) (Parton and Richards, 2003). 
Caveolae as well as lipid rafts are enriched with cholesterol and sphingolipids and are 
involved in signaling events at the plasma membrane (Simons and Ikonen, 1997; 
Simons and Toomre, 2000). Plasma membrane glycosphingolipids, 
glycosylphosphatidylinositol (GPI)-anchored proteins (Rothberg et al., 1990; Parton et 
al., 1994), extracellular ligands such as folic acid (Chang et al., 1992) and albumin 
(Schubert et al., 2001), bacterial toxins such as tetanus and cholera (Holmgren, 1973; 
Orlandi and Fishman, 1998; Wolf et al., 1998), and Simian viruses are internalized by 
caveolae/lipid raft-mediated endocytosis (Stang et al., 1997). Compared to clathrin-
mediated endocytosis, little is known about different stages of caveolae formation. It 
was proposed that caveolin-mediated endocytosis converges with clathrin-mediated 
endocytosis at the level of the early endosome (Montesano et al., 1982; Tran et al., 
1987). Recent data however indicates that material internalized via caveolae is delivered 
to intracellular organelles named ‘caveosomes’ that are distinct from classical 
transferrin-labeled endosomes (Pelkmans et al., 2001). Extracellular fluid can be 
internalized into large vesicles (pinosomes) during fluid-phase endocytosis 
(pinocytosis) (Lloyd, 1990). The internalization of the extracellular fluid can be 
followed by use of fluid phase markers such as Lucifer Yellow and rhodamin-labeled 
dextran and seems to be independent of cytoskeletal elements (Illinger et al., 1991; 
Synnes et al., 1999) but instead is driven by actin comet tails (Schafer, 2002). Several 
proteins, including posphoinositol (PI)-dependent kinase and small GTPases of the Ras 
and Rho families, together with their effectors such as ADP-ribosylation factor (ARF6), 
were shown to have a regulatory function during marcopinocytosis (Cardelli, 2001). 
Entire foreign particles or microorganisms are engulfed by the formation of phagocytic 
cups in a special type of endocytosis called phagocytosis. Uptake is typically triggered 
Introduction 5 
 
by binding of the particle to cell-surface receptors capable of transducing a phagocytic 
stimulus. This occurs only in specialized cells of higher organisms such as neutrophils 
and macrophages and in free living unicellular organisms. The distinct stages of 
phagocytosis to the final formation of a phago-lysosome have been identified and 
depend on the polymerization of actin and membrane exocytosis (Cardelli, 2001; May 
and Machesky, 2001).  
1.2 Endocytosis in Plants 
Knowledge on endocytosis in plants has lagged behind when compared to animals and 
yeast due to the lack of appropriate receptor-ligand models and the presence of a cell 
wall, which obstructs the use of most large soluble markers employed in animal cells. In 
animals, the definition of the endosomal trafficking pathways and compartments is 
largely derived from studies of receptor-mediated endocytosis, such as the transferrin or 
asialoglycoprotein receptor. Therefore, first studies on endocytosis in plant cells were 
performed with protoplasts; and in the absence of endogenous detectable ligands, 
nonspecific, electron-opaque markers were used such as cationised ferritin (Robinson 
and Hillmer, 1990; Low and Chandra, 1994). These studies demonstrated uptake of this 
unspecific probe through clathrin-coated pits, followed by appearance in smooth 
vesicles and a so-called “partially-coated reticulum” (PCR). Later on, the material 
appeared in multi-vesicular bodies (MVB) and eventually in the vacuole. The PCR is a 
system of interconnected tubular membranes with clathrin-coated buds at its periphery 
and surrounding clathrin-coated vesicles. Based on its morphological appearance and 
the accumulation of endocytic markers it is considered as being the equivalent to the 
mammalian early endosome or recycling endosome (Holstein, 2002; Geldner, 2004). 
Furthermore, structural similarities to MVB in animal cells are suggested as Tse et al. 
(Tse et al., 2004) recently identified the previously observed MVBs in plant cells (Low 
and Chandra, 1994) as a pre-vacuolar compartment (PVS) that lies on the secretory and 
endocytic pathways to lytic vacuoles. The use of cell wall permeable endocytic markers 
such as the membrane-associated styryl dyes FM1-43 and FM4-64 as well as the fluid-
phase marker Lucifer Yellow served as valuable tools to examine endocytosis in walled 
plant cells and provided additional evidence for the operation of endocytosis in plants 
(Emans et al., 2002; Baluska et al., 2004). As many proteins involved in endocytosis are 
known from animal cells, one approach to plant endocytosis is the search for 
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homologous proteins in the sequenced Arabidopsis genome. Rab GTPases play an 
important role in endocytosis and are useful organelle markers as they strictly localize 
to the specific organelles where they function. More than 30 putative endosomal Rab 
GTPases were found in the Arabidopsis genome (Samaj et al., 2004) whereby Ara6 is a 
plant-unique type Rab5 homologue and Ara7 a conventional-type Rab5 ortholog (Ueda 
et al., 2001). GFP fusion of Ara6 and Ara7 demonstrated endosome specific localization 
and revealed functional differentiation of endosomes (Ueda et al., 2001; Ueda et al., 
2004). Recently, also an ARF-GEF involved in recycling has been identified. Geldner et 
al. (2003) demonstrated that the ARF-GEF GNOM localizes to endosomes and is 
involved in membrane cycling of the auxin transport carrier PIN1. Plants contain 
orthologs of components involved in clathrin-mediated endocytosis such as a plant 
clathrin heavy (Blackbourn and Jackson, 1996) and light chain (Scheele and Holstein, 
2002), adaptins (Holstein et al., 1994; Happel et al., 2004), and AP180 (Barth and 
Holstein, 2004). Several studies provided evidence for endocytic uptake of elicitor 
preparations and biotinylated proteins in plants that fulfill the criteria for receptor-
mediated endocytosis such as temperature dependency, saturable uptake, and 
competitive blocking (Horn et al., 1989; Horn et al., 1990; Bahaji et al., 2001). 
Additionally, in actively growing cells with high plasma membrane (PM) turnover such 
as root hairs and pollen tubes numerous clathrin-coated vesicles have been observed at 
the PM (Blackbourn and Jackson, 1996; Hepler et al., 2001). However, no receptor and 
ligand for receptor-mediated endocytosis in plants is known and the clathrin-coated pits 
at the PM can also be interpreted in terms of retrieval of excess membrane. Clathrin has 
so far not been connected to endocytosis at the molecular level in plants and the cargo 
of plant endocytic CCV has not yet been identified.  
Regarding clathrin-independent endocytosis in plants even less is known. There 
are no published data on caveolin and this protein is missing in plant databases 
altogether. However, recent studies discussed the existence of lipid rafts in plants 
(Peskan et al., 2000) and identified multiple families of GPI-anchored proteins in 
Arabidopsis that are likely to be involved in extracellular matrix remodeling and 
signaling (Sherrier et al., 1999; Borner et al., 2002; Borner et al., 2003). 
Arabinogalactan proteins, cell surface proteoglycans, are the best characterized class of 
such proteins (Youl et al., 1998). Additionally, plants contain the structural sterols 
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stigmasterol and sitosterol that are even more potent in organizing lipid rafts in vitro 
than cholesterol (Xu et al., 2001). 
A large amount of data concerning membrane trafficking in plants derives from 
studies with the fungal toxin Brefeldin A (BFA). BFA was initially discovered as an 
inhibitor of secretion (Misumi et al., 1986) and became an important tool to manipulate 
membrane trafficking. BFA was shown to interfere with Golgi-dependent secretion and 
also with endosomal/post-Golgi trafficking in mammals (Lippincott-Schwartz et al., 
1989; Hunziker et al., 1991; Lippincott-Schwartz et al., 1991; Wood et al., 1991) and 
yeast (Gaynor et al., 1998). BFA blocks recruitment of vesicle coat components (COPI) 
to membranes by inhibiting activation of ADP ribosylation factor (ARF)-type GTPases 
(Donaldson et al., 1992; Klausner et al., 1992) thereby preventing vesicle budding from 
compartments. The molecular targets of BFA were shown to be the ARF GDP/GTP 
exchange factors (ARF-GEFs; (Chardin et al., 1996; Morinaga et al., 1996; Peyroche et 
al., 1996)). BFA acts as non-competitive inhibitor by blocking the complex between the 
ARF-GTPase and its exchange factor (Peyroche et al., 1999; Sata et al., 1999). Certain 
ARF-GEFs are naturally BFA-resistant and the responsible amino acids map to the BFA 
binding pocket where they obstruct its binding. These findings allow to predict the BFA 
sensitivity of ARF-GEFs. The effects of BFA in the cellular context are very complex 
and involve morphological alteration of several compartments such as tubulation and 
vesiculation of membranes as well as aggregation of individual compartments with each 
other. As a consequence, proteins that are otherwise present in separate compartments 
such as ER and cis-Golgi colocalize after BFA treatment (Ritzenthaler et al., 2002; 
Saint-Jore et al., 2002).  Additionally, in some cases, Golgi stacks were observed to 
vesiculate and to aggregate into so-called “BFA compartments” in plant cells (Satiat-
Jeunemaitre and Hawes, 1994). With the availability of GFP-fused marker proteins for 
the plasma membrane and endosomal compartments such as PIN1 (Geldner et al., 
2001), more detailed observation of BFA effects in plants were possible and indicated 
endosomal components in the previously described BFA compartment (Baluska et al., 
2002; Grebe et al., 2003). Furthermore, with characterization of GNOM, the first plant 
ARF-GEF was described and revealed a BFA target localized on endosomal 
compartments (Geldner et al., 2003). 
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1.3 The Plant Vacuole 
The vacuole is a characteristic organelle of plant cells with multiple functions that are 
central to plant growth and development. The plant vacuole has lytic activity, functions 
as an ion and metabolite store, is involved in turgor maintenance and cell elongation, 
and serves as intracellular site for pigment accumulation. In terms of protein transport, it 
is a post-Golgi organelle that has similarities to the animal cell lysosome. Mature plant 
cells are characterized by a large central vacuole and numerous small vacuoles in the 
peripheral cytoplasm. The central vacuole is suggested as the final destination for 
endocytosed cargo that follows the degradative pathway (Marcote et al., 2000). Plant 
cells contain distinct vacuoles that can be specified as protein storage vacuoles (PSV) 
containing seed-type storage proteins, lytic vacuoles marked by the presence of active  
proteases (Paris et al., 1996), and vegetative storage vacuoles that contain pigments and 
storage proteins synthesized in response to developmental and environmental cues in 
various plant tissues (Jauh et al., 1998). Several studies demonstrated an apparent 
association between tonoplast intrinsic proteins (TIPs) and vacuolar function. TIPs are 
integral membrane proteins in the tonoplast (Johnson et al., 1989) and were suggested 
to function as aquaporins for regulation of water transport in various vacuolar functions 
(Chrispeels and Maurel, 1994; Maurel, 1997). Lytic vacuoles contain γ-TIP, the 
pigment/storage vacuole labels with δ-TIP and the PSVs contain α-TIP and δ-TIP or α-
TIP, δ-TIP and γ-TIP (Paris et al., 1996; Jauh et al., 1999). Thus, vacuoles in plants can 
be distinguished at both the molecular and functional level. 
The central vacuole is where several membrane traffic pathways converge. 
Three types of vacuolar sorting determinants have been identified in vacuolar proteins: 
N-terminal propeptides, C-terminal propeptides, and internal motifs in the tertiary 
protein structure (Chrispeels and Raikhel, 1992; Neuhaus and Rogers, 1998). The N-
terminal determinants require a conserved amino acid sequence probably recognized by 
a sorting receptor for their function and may function when placed elsewhere in the 
protein. In contrast, C-terminal determinants have little or no discernable requirement 
for a conserved sequence, but must be placed at the C-terminus of a protein. The 
internal determinants of storage proteins have not shown any conserved amino acid 
sequence and it is suggested that the three dimensional structure and propensity to form 
aggregates plays a major role in directing it to the protein storage vacuole. To date, 
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three vacuolar-sorting receptors have been reported; pumpkin PV72 (Shimada et al., 
1997), pea BP-80 (Paris et al., 1997), and Arabidopsis AtELP (Ahmed et al., 2000). BP-
80 is a type I integral membrane protein abundant in pea clathrin-coated Vesicles 
(CCV) that binds with high affinity to the N-terminal propeptide but can also bind to yet 
unidentified motifs in the C-terminal targeting sequence. The binding of the receptor to 
targeting determinants apparently does not depend exclusively on the binding motifs but 
also on the context in which the motifs are presented. BP-80 is present in dilated ends of 
Golgi cisternae and in prevacuoles. Its cytoplasmic tail contains an YXXΦ motif 
associated with TM proteins incorporated into CCVs. Also PV72 contains a C-terminal 
tyrosine-based motif and cycles between the Golgi and a prevacuolar compartment. 
Characteristically, plant vacuoles are traversed by trans-vacuolar strands (TVS) 
(Mitsuhashi et al., 2000; Kutsuna and Hasezawa, 2002) containing cytoplasm which can 
comprise a quarter of the cytoplasmic volume in interphase cells and can contain a fifth 
of the Golgi stacks in tobacco cells (Nebenfuhr et al., 2000). GFP-fusions to vacuolar 
membrane proteins (Saito et al., 2002; Uemura et al., 2002) and use of vital membrane 
staining dyes revealed that the vacuole is a three-dimensionally complex dynamic 
structure with constantly changing morphology (Emans et al., 2002; Kutsuna and 
Hasezawa, 2002). Complicated internal membrane structures, such as sheet-like or 
cylindrical structures and TVS (Uemura et al., 2002) connect the cytosol on opposite 
sides of the vacuole. TVS structure and dynamics seem to be strongly dependent on an 
intact actin cytoskeleton as disruption of the filaments leads to breakdown of the strands 
and cessation of TVS movement (Kovar et al., 2000; Tominaga et al., 2000; Van Gestel 
et al., 2002). TVS serve as channels for cytoplasmic streaming (Allen and Allen, 1978; 
Nothnagel et al., 1981; Tominaga et al., 2000); a phenomenon that is most pronounced 
in highly vacuolated cells and is generally assumed to be an efficient mixing and 
distribution process for solutes, vesicles and organelles. Recently, it was demonstrated 
in tobacco BY-2 cells that the vacuole undergoes dramatic structural changes during cell 
cycle progression (Kutsuna and Hasezawa, 2002; Kutsuna et al., 2003). In interphase 
the vacuole is traversed by TVS that radiate from the central nucleus. During G2 and 
metaphase the number of TVS decreases. Instead, many new tubular structures of the 
vacuolar membrane appear around the nucleus. After completion of cytokinesis the 
radial TVS reappear (Kutsuna and Hasezawa, 2002). However, the dynamics and 
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mechanisms of these strand alterations have not been investigated in detail in living 
cells.  
1.4 Study Objectives 
The central purpose of this work was the development of tools to analyze endocytosis 
and membrane and protein transport in living plant cells with tobacco BY-2 cells as 
model system. To achieve this goal, several approaches and techniques were applied. In 
the first part, three-dimensional time-lapse (4D) imaging was applied to reveal the 
structure and dynamics of the plant vacuole, the terminal compartment of the endocytic 
pathway, as well as endosome trafficking in living tobacco BY-2 cells. Staining of the 
vacuolar membrane and endocytic compartments was obtained by using internalization 
of the fluorescent styryl dyes FM1-43 and FM4-64. These dyes are cell wall permeable, 
readily soluble in water and essentially non-fluorescent until bound to membranes. The 
dyes intercalate into membrane bilayers resulting in substantial increase in their 
fluorescence/quantum yield at about 100 fold. The dyes are internalized and proceed 
into the endocytic pathway, finally reaching the tonoplast (Ueda et al., 2001; Emans et 
al., 2002). This allows confocal imaging of endosome trafficking as well as vacuolar 
membrane dynamics in living cells. 
In the second part, selected GFP-fusion proteins should be used to assess the 
endocytic pathway and membrane trafficking in plant cells. This should involve 
clathrin-dependent as well as clathrin-independent pathways. Mammalian cells show 
clathrin-independent endocytosis involving GPI-anchored proteins such as uptake of 
folate by the GPI-anchored folate receptor (Kim et al., 2004). Generally, GPI anchors 
can confer a range of properties such as plasma membrane targeting – including 
polarized targeting to the apical plasma membrane in epithelial cells and localization to 
specialized plasma membrane domains – and the ability to receive and transduce signals 
(Lisanti et al., 1989; Brown and Rose, 1992; Green et al., 1997; Simons and Ikonen, 
1997). Furthermore, GPI-anchored proteins can be released from the plasma membrane 
in a regulated fashion (Andrews et al., 1988; Movahedi and Hooper, 1997). Several 
classes of GPI-anchored proteins were also found in plants (Youl et al., 1998; Sherrier 
et al., 1999; Borner et al., 2002; Borner et al., 2003), one of them is the A. thaliana 
GPI-anchored protein 1 (AtGPIP1) (Sherrier et al., 1999), recently renamed as HIPL1 
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(Hedgehog-interacting protein-like 1) (Borner et al., 2003). AtGPIP1 is the major GPI-
anchored protein expressed in Arabidopsis callus (Sherrier et al., 1999; Borner et al., 
2002) and shows distant homology to Hedgehog interacting protein, HIP (Chuang and 
McMahon, 1999). The function of AtGPIP1 is unknown. In this study, a fusion of 
AtGPIP1 to GFP was expressed in BY-2 cells to determine the localization of the GPI-
anchored protein and to image membrane trafficking pathways in plant cells. 
Furthermore, potential endocytosis characteristics of the fusion protein should be 
investigated. 
As mentioned above, no receptor and ligands for receptor-mediated endocytosis 
in plants are known to date. However, the identification of proteins involved in clathrin-
mediated endocytosis in plants as well as endocytic uptake of elicitor preparations and 
biotinylated proteins that fulfill the criteria for receptor-mediated endocytosis indicate 
that this regulated type of endocytosis may well occur in plants. Furthermore, the 
common YXXΦ motif involved in receptor-mediated endocytosis in animal cells was 
found in receptors involved in intracellular protein sorting (Paris et al., 1997; Shimada 
et al., 1997). Therefore, receptor-mediated endocytosis and functionality of mammalian 
signal sequences mediating endocytosis should be examined in plant cells with an 
artificial receptor construct consisting of the cytosolic tail of the rabbit poly-Ig receptor 
(pIgR) fused to GFP (pIgRwt-GFP). The pIgR is a well characterized, fast internalizing 
receptor responsible for the serosal-to-mucosal transepithelial transport of dimeric IgA 
and pentameric IgM via the transcytotic pathway in secretory epithelial cells (Okamoto 
et al., 1992). Newly synthesized pIgR is delivered from the trans-Golgi network (TGN) 
to the basolateral cell surface where it can bind ligand. Receptor-ligand complexes (or 
receptor alone) are rapidly endocytosed and enter basolateral endosomes, where 
segregation into transcytotic vesicles takes place (Geuze et al., 1984). Theses vesicles 
are then transported to the apical cell surface where the extracellular domain of the 
receptor is proteolytically cleaved and released. This released receptor fragment is 
referred to as secretory component (SC). Basolateral targeting, endocytosis and 
transcytosis to the apical surface is mediated by phosphorylation of several critical 
residues as well as signals such as the dileucine-motif (LL) and YXXΦ tyrosine-motifs 
within the cytosolic tail (see Fig. 1). Analysis of the pIgR-GFP construct should reveal 
the ability of plant cells to correctly recognize and process the endocytosis signal. 
Okamoto et al. (1992) demonstrated that mutation of the critical residues Tyr668 and 
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Tyr734 of the endocytosis signals to cysteine and serine, respectively, resulted in 80% 
reduction in endocytosis in animal cells. Therefore, a second GFP-pIgR construct 
containing those mutations (pIgRmut-GFP) should serve as control to detect the effects 
of the YXXΦ motif on endocytosis rate and localization of proteins displaying the 
relevant signal in plant cells. 
 
PM
basolateral 
targeting
rapid 
endocytosis
103 amino acid cytoplasmic tail
P-Ser664 Tyr668 P-Ser725 Tyr734
LLYXXΦYXXΦ
 
Fig. 1 Scheme of the cytoplasmic tail of the poly-Ig receptor (pIgR) 
The scheme depicts critical residues and motifs involved in basolateral targeting, endocytosis 
and transcytosis of the pIgR. Ser664 phosphorylation is required for sorting from endosomes to 
the apical membrane (Casanova et al., 1990; Apodaca and Mostov, 1993; Hirt et al., 1993). 
Ser726 phosphorylation mediates rapid internalization (Okamoto et al., 1994) and Tyr668 and 
Tyr734 are involved in endocytosis (Breitfeld et al., 1990; Okamoto et al., 1992). 
 
Furthermore, a probable plant native receptor protein containing an endocytosis signal 
and a mutated endocytosis signal version was fused to GFP, to compare the results 
obtained with the artificial receptor construct to a native plant protein. As to date no 
receptor involved in endocytosis in plants has been identified, the target protein for 
fusion had to be selected based on sequence characteristics. For this purpose, the Ve2 
protein from tomato should be used. Ve2 was identified to confer resistance to infection 
by Verticillium species in tomato (Kawchuk et al., 2001) but its localization within the 
cell has not been shown. Within the Ve2 amino acid sequence five structural and 
functional domains can be assigned: first, a hydrophobic N-terminus indicative of a 
signal peptide for targeting to the cytoplasmic membrane; second, an extracellular 
domain containing a leucine-rich repeat (LRR) with 38 imperfect copies of a 24-aa 
consensus sequence with 35 potential glycosylation sites; third, a hydrophobic 
membrane-spanning domain; fourth, a cytoplasmic domain displaying a tyrosine YXXφ 
signal sequence, that stimulates receptor-mediated endocytosis and degradation of cell-
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surface receptors in mammals (Letourneur and Klausner, 1992); fifth, a PEST-like 
sequence, and sixth, a C-terminal KKX motif (KKF) that signals endoplasmic reticulum 
retention for transmembrane proteins (Benghezal et al., 2000). As LRR are often 
associated with protein-protein interactions and ligand binding and the presence of a 
glycine within the consensus sequence is consistent with that of extra-cytoplasmic 
proteins, it was suggested that the Ve2 gene encodes a class of cell-surface receptors 
recognizing ligands produced by the pathogen (Kawchuk et al., 2001). Therefore, Ve2 
was a promising candidate to evaluate the endocytosis properties of its YXXφ motif and 
was used for fusion to GFP (Ve2-GFP). Additionally, a similar GFP fusion with a 
mutant Ve2 gene, in which the tyrosine of the putative endocytosis signal was 
exchanged against glycine, should be generated to study the function of the endocytosis 
signal in living plant cells (Ve2mut-GFP).  
In the third part, an assay for quantification of endocytosis in plant cells should 
be developed. The intention is that an assay measuring membrane internalization could 
be used to dissect the endocytic pathway in plants by means of a pharmacological 
approach. Furthermore, this assay would allow screening of compounds on their effect 
on endocytosis. In principle, the assay should measure the internal fluorescence of 
membrane bound dye after internalization. The styryl dye FM1-43 was a promising 
candidate for this assay as it is non-toxic and essentially non fluorescent in solution but 
brightly fluorescent after integration into membranes. It shows temperature dependent 
uptake (Emans et al., 2002) and can be washed in and out of plant cell membranes so 
that internalized dye can specifically be revealed. The functionality of the assay should 
be verified by testing several compounds with known and unknown effects on 
endocytosis.
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2 Material and Methods 
2.1 Material 
2.1.1 Chemicals and Consumables 
Chemicals were purchased from following companies: BioRad (Munich), Duchefa 
(Haarlem, The Netherlands), GibcoBRL (Eggenstein), Merck (Darmstadt), Molecular 
Probes (Leiden, The Netherlands), Pierce (Illinois, USA), Roth (Karlsruhe), Serva 
(Heidelberg) and Sigma (Diesenhofen). 
Consumables were purchased from Amersham (Braunsschweig), Eppendorf (Hamburg), 
Fisher Scientific GmbH (Nidderau), Greiner (Solingen), Hewlett Packard (Munich), 
Millipore (Eschborn), Novagen (Darmstadt), Schott (Mainz), Stratagene (Amsterdam, 
Netherlands), Whatman (Maidstone, England) and Zeiss (Oberkochen). 
2.1.2 Enzymes and Reactionkits 
All enzymes used for restriction, amplification and ligation of DNA were obtained from 
New England Biolabs (NEB, Schwalbach). They were used according to the 
manufacturer’s recommendations. Following kits from Qiagen (Hilden) were used: 
QIAprep Spin Miniprep Kit 
QIAquick Plasmid Midi Kit 
QIAquick Gel Extraction Kit 
QIAquick PCR Purification Kit 
2.1.3 Antibodies and Enzyme-conjugated Antibodies for Detection 
For immunoblotting (2.3.3), immunocytochemistry (2.4.8) and the dimerization assay 
for pIgR (2.4.7) following antibodies were used: 
• mab α-GFP JL-8: monoclonal mouse antibody against Aequorea victoria GFP and 
its variants (BD Biosciences, Heidelberg) 
• GAMAP: polyclonal alkaline phosphatase (AP)- conjugated goat anti-mouse serum 
(Dianova, Hamburg) 
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• Alexa FluorTM568 goat anti-mouse IgG (Molecular Probes, Leiden, The 
Netherlands) 
• Alexa FluorTM568 goat anti-rat IgG (Molecular Probes, Leiden, The Netherlands) 
• Alexa FluorTM488 goat anti-mouse IgG (Molecular Probes, Leiden, The 
Netherlands) 
• JIM84: monoclonal rat immunoglobulin M against the plant Golgi, hybridoma 
culture supernatant (kindly provided by Professor Christopher Hawes, Oxford 
Brookes University, UK). 
2.1.4 Synthetic Oligonucleotides 
All oligonucleotides used were obtained from MWG Biotech (Munich) and were used 
for amplification and modification of DNA. Sequencing primers were used for 
sequencing of DNA with the 3730 DNA Analyzer (Applied Biosystems, Darmstadt). 
Cloning primers were also used for sequencing if appropriate. 
Table 1 Oligonucleotides for cloning of pIgRwt-GFP and pIgRmut-GFP 
 Sequence 5’ – 3’ Feature 
CyGFP-Fw1 GAT ACT GCA GGT GTT CAC TCC AAG CAC ATC 
AAG GAC TGG GAG CAC CTC GAA G 
Pst I, tag54 
CyGFP-Fw2 
 
AC TGG GAG CAC CTC GAA GAG TTC AAG CTT 
ATG GTG AGC AAG GGC GAG GAG 
Hind III 
CyGFP-Rev TCC ACC TCC TGC GGC CGC CTT GTA CAG CTC 
GTC CAT GC 
Not I 
pIgR-Fw AG GCG GCC GCA GGA GGT GGA GGT TCT GAC 
CCA GCC AGT GGG AGC AG 
Not I, 
Gly4Ser 
pIgR3’ CCG CAA GCT TTC TAG ATT TAG GCC TCC TTG Xba I 
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Table 2 Oligonucleotides for cloning of Ve2-CyGFP, Ve2mut-CyGFP,Ve2∆KKF-CyGFP and 
Ve2mut∆KKF-CyGFP 
 Sequence 5’ – 3’ Feature 
Ve2-Fw ACT ATC ATG AGA TTT TTA CAC TTT C Bsph I 
Ve2-Rev TAC TGC GGC CGC AAA CTT TTT GTG ATA TAT G Not I 
CyGFP-Fw-
outs 
AAGT GCG GCC GCA CCA GCC GCT GCT GCA 
GCC GCA TCT GCT 
Not I 
CyGFP-Fw-
middle 
GCA GCC GCA TCT GCT GCc GCg GCA GCT GCA 
TGG GTT CCA GTA 
20 aa linker 
CyGFP-Fw-
ins 
GCA GCT GCA TGG GTT CCA GTA GCC ACT ATG 
GTG AGC AAG GGC GAG G 
20 aa linker 
overlap 
CyGFP-Rev1 GTG CTC CCA GTC CTT GAT GTG CTT  CTT GTA 
CAG CTC GTC CAT GCC 
tag54 
CyGFP-Rev2 TACT GGA TCC TTA GAA CTC TTC GAG GTG CTC 
CCA GTC CTT GAT GTGC 
BamH I 
Ve2   T-
repairFw 
TCT TGT CTA GAG CTC ATT TTG AAG GAC TCT 
CAG 
 
Ve2 KKF-
remove rev 
AATA GCGGCCGC GTG ATA TAT GAC TAA TAA 
AGG 
Not I 
 
Table 3 Oligonucleotides for sequencing 
 Sequence 5’ – 3’ Feature 
PSS 3’back AGA GAG AGA TAG ATT TGT AGA GA 3’ primer for pTRA 
PSS 5’forw ATC CTT CGC AAG ACC CTT CCT CT 5’ primer for pTRA 
Ve 3’out AAT TCT TTT CCT CCT ACG CC  
Ve 5’out ATC AAG ACA TTG AGA GGA AAC C  
VeFw973 TTA CCA GAC ACC ATT TCG  
VeFw3061 TCC ATT GCA CCT CTG TTG  
R759 CAG TTT AAG CAT TCT CTC CA Ve primer walking 
R1609 GGG AAA CGA TCA ACA AGA C Ve primer walking 
R2397 GAG GTC AAG GGG AAC TGT C Ve primer walking 
R3267 GGC AAA TAT GAA GAT AAA G Ve primer walking 
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2.1.5 Plasmids  
pTRA A. tumefaciens for transformation of tobacco plants and BY2 cells were 
transformed with the binary plant expression vector pTRAkc. The vector 
pTRAkc [8,4bp, AmpR, CbR, KmR] is a derivative of pPAM (GenBank: 
AY027531) and was kindly provided by Dr. Thomas Rademacher (RWTH 
Aachen, Institut für Biolgie VII). The plasmid pTRAkc contains ColE1 as well 
as the RK2 origin of replication and can thus be propagated in E. coli and also 
A. tumefaciens. The promotor originates from vector pRT101 (Töpfer et al., 
1988) and consists of the Cauliflower Mosaic Virus (CaMV)-35S-promotor 
cassette and the duplicated 35S-enhancer region (Kay et al., 1987). 
Termination- and polyadenylation sites are also derived from CaMV. 
 
 
Fig. 2 Plasmid map of the vector pTRA-CyGFP 
The vector map shows important restriction sites and functions of the pTRA vector examplified 
with pTRA-CyGFP. P35SS/pA35S – duplicated promotor and polyadenylation signal/terminator 
from CaMV; CHS = 5’ UTR from chalcone synthase; SAR = scaffold attachment region from N. 
tabacum; RB and LB = left and right border sequences of the nopalin Ti plasmid pTiT37; RK2 
ori = origin of replication from A. tumefaciens; bla = β-lactamase gen (ampicillin resistance in E. 
coli and carbenicillin resistance in A. tumefaciens); ColE1 ori = origin of replication from E. coli; 
pAnos = polyadelylation-/termination signal of the nopalinsynthase gen; Pnos = promotor of 
nopalinsynthase gen; nptII = coding sequence of neomycin-phophotransferase (kanamycin 
resistance); LPH = codon optimized murine heavy chain signal peptide from anti-TMV mAb24; 
his6 = six histidine tag. 
pTRA-CyGFP 
8408 bps
AscI
EcoRI
PstI
HindIII
NotI
XhoI
BamHI
XbaI
PmeI
PvuII 
SAR
P35SS
CHS
LPH
'Cytogem GFP
his6
pA35S
SAR
RB
RK2 ori
bla
ColE1 ori
LB 
pAnos
nptII
Pnos
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pB10-2 The vector contains AtGPIP1 fused to Emerald CytoGem GFP. 
The GFP is inserted in a unique EcoRI site 13 amino acids  from 
the N-terminus of the predicted mature protein. The Emerald 
variant has the following mutations compared to WT GFP: F64L; 
S65T; S72A; N149K; M153T; I167T; H231L (kindly provided by 
Dr. Paul Dupree, University of Cambridge, UK) 
pUC18-pIgRwt The vector contains wild-type rabbit poly-Ig-receptor DNA 
(kindly provided by Verena Hoppmann). 
pUC18-pIgRmut  The vector contains rabbit poly-Ig-receptor DNA where tyrosine 
668 and 736 of the endocytosis signal are exchanged against 
cysteine and Serine (kindly provided by Prof. Yoram Altschuler 
Hebrew University, Jerusalem, Israel) 
pBluescript-Ve2 The vector contains Ve2 cDNA (Dr. Lawrence Kawchuk, 
Lethbridge Research Centre, Canada). 
pBluescript-Ve2mut The vector contains Ve2 cDNA with mutated putative 
endocytosis signal (exchange of tyrosine 1090 against glycine; 
kindly provided by Dr. Lawrence Kawchuk, Lethbridge Research 
Centre, Canada). 
2.1.6 Bacterial Strains and Plants 
Escherichia coli  
• DH5α 
φ80d lacZ∆M15, recA1, endA1, gyrA96, thi-1, hsdR17 (rk-, mk-),  supE44, 
relA1, deoR, ∆(lacZYA-argF)U196 (Hanahan, 1983) 
Agrobacterium tumefaciens 
• GV 3101 (pMPK 90RK): GmR KmR RifR (Koncz and Schell, 1986) 
The helper plasmid pMPK 90RK carries a Kanamycin resistance gene (nptII). 
Therefore this strain was used for binary vectors carrying a Carbenicilline 
resistance (bla). Additionally, the trfA-genes used for the function of the RK2-
replicon are encoded on the helper plasmid. 
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• C58C1 (pGV 2260): RifR CbR (Deblaere et al., 1985) 
The Ti-plasmid of this strain does not contain the T-DNA and border sequences. 
As the plasmid still contains the complete machinery for transfer of T-DNA, it 
can function as vir-helper plasmid in a binary vector system. This strain was 
used for binary vectors containing a bacterial Kanamycin resistance. 
2.1.7 Media, Buffers and Solutions 
Standard media, buffers and solutions were prepared according to (Sambrook et al., 
1996) if not otherwise noted. Solutions were prepared with deionised water and 
autoclaved if necessary (25 min/121°C/1bar). Thermolabile components were sterilized 
by filtration (0.2 µm) and added after autoclaving. The pH was adjusted with 1 M HCl 
or 1 M NaOH if not otherwise noted. 
2.1.8 Devices and Equipment 
Agfa Arcus II Scanner (Agfa, Leverkusen) 
DNA sequencing: 3730 DNA Analyzer (Applied Biosystems, Darmstadt) 
Electroblotting chamber and accessories (BioRad, Munich) 
Electro-transformation: Gene Pulser (BioRad) 
EasyPure UV/UF, UF/UV D8612 (Werner, Leverkusen) 
Photographic documentation with UV-Transillumination (Herolab, Wiesloch) 
Fluorometer:  FLUOstar 403 (BMG Lab Technologies GmbH, Offenburg) 
Gel-electrophoresis, gel slides, combs and power supply (BioRad) 
Incubators:  Innova 4430 (New Brunswick Scientific GmbH, Nürtingen) 
Funktion line (Heraeus, Hanau) 
Microscope:  Leica TCS SP Upright Confocal Laser Scanning Microscope Leica, 
Heidelberg) with following objectives:  
HCX PL APO 40x/1.25-0.75 NA oil immersion,  
HCX PL APO 63x/1.32-0.6 NA oil immersion 
Excitation sources: Argon-Laser (488 nm), Krypton-Laser (564 nm), 
Helium/Neon-Laser (633 nm) 
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PCR Cycler: Primus 96 plus (MWG Biotech),  
Mastercycler Gradient (Eppendorf, Hamburg) 
Sonifier: Sonopuls (Bandelin Electronic GmbH, Berlin)  
Sterile bench: Babcock-BSH Typ THL 1.33.1 (Bad Hersfeld),  
HeraSafe (Kendro, Hanau) 
Vortex:  Vortex Genie 2 (Scientific Instruments, Bohemia, USA) 
Centrifuges: Biofuge pico (Heraeus, Hanau) 
Varifuge 3.0R (Heraeus, Hanau) 
Varioclav (H+P Labortechnik, Oberschleißheim) 
Software:  Microsoft Office 2000 (Microsoft) 
Metamorph 4.5 (Universal Imaging, West Chester, PA) 
Adobe Photoshop 6.0 (Adobe). 
2.2 Molecularbiological Methods 
2.2.1 Isolation of Plasmid DNA from E. coli 
Plasmid DNA from E. coli was isolated with the QIAprep Spin Mini Kit (Qiagen). If 
larger quantities of plasmid DNA were required, the QIAgen Plasmid Midiprep Kit 
(Qiagen) was used. The DNA isolation was performed according to the manufacturer’s 
manual. The isolated DNA was quantified by spectrophotometric measurement and 
analyzed by restriction digest and subsequent gel electrophoresis (2.2.5). 
2.2.2 DNA Restriction 
DNA restriction with restriction enzymes was performed according to the 
manufacturer’s protocol. Usually about 1-2 µg DNA was digested with 3-5 Units of the 
appropriate enzymes at optimal temperature for one hour. If the DNA was digested with 
two enzymes, the enzymes were chosen for temperature and buffer compatibility 
according to the manufacturers specifications. 
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2.2.3 Dephosphorylation of linear DNA 
Enzymatically restricted vector DNA was 5’-dephosphorylated with alkaline 
phosphatase to prevent re-ligation. For that purpose 1 µl calf intestine phosphatase (CIP, 
1 U/µl, Boehringer) was added to the restriction reaction after one hour and incubated at 
37 °C for 30 min. 
2.2.4 Ligation of DNA 
Linearized and purified DNA fragments were ligated with T4 DNA-ligase “Quick 
Ligation Kit” (New England Biolabs) in a molar ratio of 1:3 (vector:insert) for 15 min at 
RT. The ligated DNA was dialysed with deionized water before use for electro-
transformation of E. coli to remove salts and PEG contained in the quick ligase buffer. 
2.2.5 Agarose Gel-electrophoresis 
The separation of DNA was performed in 0.8% or 1.2% (w/v) agarose gels containing 
0.1 µg/ml ethidium bromide. The gel electrophoresis was performed at 120 V in 1x 
TBE buffer in BioRad gel-electrophoresis chambers according to (Sambrook et al., 
1996). The agarose gels were documented with the fotodocumentation station 299 and 
UV-transilluminator (Herolab). 
2.2.6 Polymerase Chain Reaction (PCR) 
2.2.6.1 Standard PCR 
PCR was used for amplification of DNA with simultaneous addition of restriction sites 
or linker sequences at the 3’- and 5’- ends for following cloning steps by specific 
primers (2.1.4)  
The standard PCR reaction contained following components: 
DNA     10-50 ng 
 5’- primer    10 pmol/µl stock 1 µl 
 3’- primer   10 pmol/µl stock 1 µl 
 dNTP mix   10 mM stock  1 µl  
 MgCl2   50 mM stock  1 µl 
 10x Taq Polymerase buffer     5 µl 
 Taq DNA Polymerase     0.3 µl 
 ddH2O      add to 50 µl 
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The amplification was performed in a MWG thermocycler with heated lid with 
following cycles: 
1x 5 min 95 °C initial denaturation 
 
30x 
1 min 
1 min 
1 min 
95 °C 
56 °C 
72 °C 
denaturation 
annealing 
extension 
1x 5 min 72 °C final extension 
For PCR reactions with products used for cloning, the high-fidelity Taq DNA 
polymerase was used. 
The size, yield and purity of the PCR products was analyzed by agarose gel 
electrophoresis of a small volume (5 µl) of the finished PCR reaction. Successful PCR 
reactions were completely separated by agarose gel electrophoresis and the desired 
DNA fragment was excised, purified and used for further cloning steps. 
2.2.6.2 PCR for Ve2 amplification 
For amplification of the Ve2 gene a modified reaction mix was used. 
 DNA     10-50 ng 
 5’- primer   10 pmol/µl stock 1 µl 
 3’- primer   10 pmol/µl stock 1 µl 
 dNTP mix   10 mM stock  1 µl 
 DMSO     0.25 µl 
 10x high fidelity pol.buffer (with MgCl2)  5 µl 
 Expand high-fidelity polymerase (4U/µl)  0.2 µl 
 ddH2O      add to 50 µl 
 
For long PCRs the reduction of the extension temperature to 68°C is recommended as 
well as reduction of denaturation time to prevent depurination. Therefore, the 
amplification protocol was modified as following: 
 1x 1 min 95 °C initial denaturation 
 
30x 
15 sec 
1 min 
4 min 
95 °C 
48 °C 
68 °C 
denaturation 
annealing 
extension 
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2.2.7 DNA Purification 
Vector and insert DNA from restriction reactions (2.2.2) were gel-purified with the 
Qiagen Gel Extraction Kit after separation by agarose gel electrophoresis (2.2.5) and 
excision of the appropriate fragment.  
Restriction digested PCR products (2.2.6.1) were purified with the Qiagen PCR 
Purification Kit to remove enzymes and cleaved-off nucleotides. 
2.2.8 Sequencing of Plasmid DNA 
DNA sequencing was performed according to (Sanger et al., 1977) with fluorescently 
labeled didesoxynucleotides leading to chain termination in an automated 3730 DNA 
Analyzer (Applied Biosystems, Darmstadt). 
2.2.9 Growth and Transformation of E. coli and A. tumefaciens 
2.2.9.1 Cultivation of Escherichia coli 
E. coli cultures were grown in LB liquid medium at 37 °C on a shaker (225 rpm). 
Bacteria containing an ampicillin resistance plasmid were grown in medium containing 
100 µg/ml ampicillin. 
LB-medium 
Pepton 1.0% (w/v) 
Yeast extract 0.5% (w/v)  
NaCl 1.0% (w/v) 
 
For LB-Amp medium 100µg/ml ampicillin was added after autoclaving and cooling to 
60 °C. For preparation of LB or LB-Amp agar plates, 1.2% (w/v) agar was added before 
autoclaving. 
2.2.9.2 Preparation of electro-competent E.coli 
A single E.coli DH5α colony  from an LB-plate was inoculated into 3 ml LB medium 
and cultured at 37°C ON. Five ml of the ON culture were used for inoculation of 500 ml 
LB-medium and grown until the mid-log phase (OD600 of 0.5-0.8) at 37°C on a shaker 
at 225 rpm. The cells were sedimented for 15min at 4°C at 4000 xg. The pellet was 
washed three times with ice-cold Milli-Q H2O and once with 10% (v/v) glycerol 
(10min/4000 xg/4°C) and finally resuspended in 2 ml ice-cold 10% (v/v) glycerol. 50 µl 
aliquots of the resuspended bacteria were stored for electro-transformation at –80°C. 
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2.2.9.3 Electrotransformation of E.coli 
For transformation by electroporation 10 ng plasmid DNA (2.2.1) or half of the dialysed 
ligation reaction (~ 60 ng DNA, 2.2.4) was added to a 50 µl aliquot of electro-
competent cells, carefully mixed and incubated on ice for 3 min. The mixture was 
pipetted in a cooled sterile 0.2 cm electroporation cuvette. Electroporation was 
performed in a BioRad Gene Pulser at 2.5 kV, 25 µF and 200 Ω. The transformed cells 
were transferred into 500 µl LB medium and recovered for 1h at 37°C.  An 25 µl and 
100 µl aliquot of the E. coli cells was plated on LBAmp agar plates and incubated at 37°C 
ON. 
2.2.9.4 Cultivation of Agrobacterium tumefaciens 
A. tumefaciens were grown in YEB-medium with the appropriate antibiotics at 28°C 
and 250 rpm for 2-3 days. For preparation of glycerol stocks, 0,5 ml culture aliquots 
were supplemented with 50% glycerol final (v/v) and stored at –80°C. 
YEB-medium 
Nutrient broth  0.5% (w/v) 
Yeast extract  0.1% (w/v) 
Trypton  0.1% (w/v) 
Sucrose  0.1% (w/v) 
 
For preparation of agar plates 1.2% (w/v) was added to the medium. After autoclaving 
and cool down to 50°C steril filtered MgSO2 was added to a final concentration of 
2mM. For selection following antibiotics were added: 
Rifampicin (Rif)  50 µg/ml 
Kanamycin (Kan)  25 µg/ml  
Carbenicillin (Cb)  50 µg/ml  
(only for transformed agrobacteria) 
 
For preparation of Agrobacteria for stable transformation of N. tabacum plants, the cell 
suspension was pelleted by centrifugation at 5000 g for 10 min at 15°C and resuspended 
in 50 ml MMA and kept at RT for two hours. OD600 was measured after 1:10 dilution 
and the cell suspension was adjusted to OD600 = 1 with MMA. The diluted cell 
suspension was used for stable transformation of N. tabacum plants (2.4.3.2). 
MMA-medium, pH 5.6 
MS salts (Duchefa) 0.43% (w/v) 
MES 10 mM 
Sucrose 2% (w/v) 
Acetosyringone 200 µM 
 
Acetosyringone was added from a 200 mM stock in DMSO directly before use. 
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2.2.9.5 Preparation of electro-competent A. tumefaciens 
3 ml YEBRif,Km medium were inoculated with a single A. tumefaciens colony picked of a 
YEBRif,Km-plate and grown over night at 28 °C and 250 rpm. The next day 200 ml 
YEBRif,Km medium were inoculated with 1 ml of the ON culture and grown for 36-48 h 
at 28 °C and 250 rpm until an OD600 of 1-1,5 was reached. The cells were incubated for 
15 min on ice and sedimented (4000 xg/4 °C/15 min). The pellet was washed three 
times with 100 ml ice-cold Milli-Q H2O and one time with 100ml 10% (v/v) glycerol 
(4000 xg/4 °C/10 min). The final pellet was resuspended in 2 ml ice-cold 10% (v/v) 
glycerol and 100 µl aliquots of the bacteria suspension were stored at –80 °C. 
2.2.9.6 Electro-transformation of A. tumefaciens 
An aliquot of A. tumefaciens cells was thawed on ice and 5-10 ng plasmid DNA (2.2.1) 
was added and carefully mixed. Electroporation was performed in a BioRad Gene 
Pulser at 2.5 kV, 25 µF and 200 Ω. The cells were pipetted in 500 µl YEB medium and 
a 5µl and 50µl aliquot of the cell suspension was plated on YEBRif,Kan, Cb agar plates and 
incubated for three days at 28 °C. 
2.2.9.7 Identification of transformed bacteria by PCR 
To identify recombinant E. coli and A. tumefaciens without previous isolation of DNA, 
a colony-PCR was performed. For this purpose single colonies were picked with a 
sterile pipette tip and transferred onto a master plate before the tip with residual bacteria 
was dipped into 5 µl ddH2O in a PCR tube. The collected samples were heated to 99°C 
for 5 min in a thermocycler. Then all PCR components including the primers specific 
for the transgene were added and a standard PCR with 35 cycles was performed. After 
the reaction 5 µl of the samples were pipetted onto a analytical agarose gel and analysed 
(Sambrook et al., 1996). 
2.3 Protein Analysis 
2.3.1 Total Soluble Protein Extraction from BY-2 cells 
2 ml of a BY-2 suspension culture was centrifuged on a table top centrifuge for 5 min at 
2.800 rpm. The cell pellet was resuspended in the double volume (w/v) extraction buffer 
and cells were extracted by sonication on ice (Sonopuls with MS 72 tip, 1 min, 9*10% 
cycles, 20% power). The cell lysate was centrifuged for 30 min at 13.000 xg at 4°C. The 
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supernatant was transferred into a fresh Eppendorf tube and was stored at -20°C as well 
as the extraction pellet. 
Extraction buffer, pH 7.4 
Tris-HCl 200 mM 
EDTA 5 mM 
Tween-20  0.1% (w/v) 
 
Directly before use DTT was added in a final concentration of 10 mM. For some 
extractions also protease inhibitor was added. 
2.3.2 SDS-Page 
Proteins contained in the BY-2 cell extracts (2.3.1) were separated according to their 
size using denaturing discontinuous SDS-PAA gelelectrophoresis (SDS-PAGE) under 
reducing conditions according to (Laemmli, 1970). 20 µl extraction supernatant and 5 µl 
extraction pellet (diluted 1:2 with PBS) were mixed with 1/5 vol. 5x sample buffer, 
boiled for 5 min and loaded onto a 10% SDS-PAA gel. “Prestained Protein Marker 
Broad Range” (New England Biolabs) was applied as size standard. The gel was run at 
160V in a “Mini Protean II” unit (BioRad) until the marker front reached the bottom of 
the gel. After electrophoresis the separated proteins were further analysed by 
immunoblotting (2.3.3). 
 Running buffer 
Tris-HCl, pH 8.3 25 mM 
Glycin 180 mM 
SDS 0.5% (w/v) 
5x sample buffer 
Tris-HCl, pH 6.8 62.5 mM 
Glycerol 30% (w/v) 
SDS 4% (w/v) 
β-Mercaptoethanol 10% (w/v) 
Bromphenolblue 0.05% (w/v) 
2.3.3 Immunoblotting 
Immunoblotting is a sensitive method for detection and size determination of small 
amounts of proteins. Proteins were separated by SDS-PAGE (2.3.2) and transferred 
onto a Hybond-C nitrocellulose membrane for one hour at 90 V in a ”Trans-blot SD 
Electrophoretic Transfer Cell” (BioRad). After one hour (or ON at 4°C) blocking at RT 
with PBST/ 5% (w/v) non-fat dry milk the specific protein bands were detected with 
mouse anti-GFP (1:2000 in PBST for two hours at RT or ON at 4°C). The bands were 
visualized by incubation with AP-labeled detection antibody (GAMAP Fc, 1:5000 in 
PBST, one hour at RT) and colorimetric substrate reaction with NBT/BCIP (Gibco-
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BRL) in AP buffer. All incubation steps were performed on a shaker and PBST washing 
in between. 
Transfer-buffer, pH 8.3 
Tris-HCl 25 mM 
Glycin 192 mM 
Methanol 20% (v/v) 
PBST 
1x PBS (2.1.7)  
0.05% (v/v) Tween-20 
AP-buffer, pH 9.6 
Tris-HCl 100 mM 
NaCl 100 mM 
MgCl2 5 mM 
2.4 Cell Biological Methods 
2.4.1 Cultivation of BY2 Suspension Cultures and Tobacco plants 
N. tabacum cv. BY-2 suspension culture cells were grown at 26°C in the dark at 180 
rpm in MSMO-medium. After the cultivation cycle of seven days wild type suspension 
cultures were diluted 1:50 with fresh medium, transgenic cell lines were diluted 1:20. 
Callus cultures were kept at 26°C in the dark on MSMO-agar plates and transferred on 
fresh plates after four weeks. New suspension cultures were established by inoculation 
of 10 ml medium with ~2 cm3 callus tissue. Tobacco plants were grown in the 
phytochamber with artificial daylight (OSRAM Powerstar HQI-T W/DH) at 4000 Lux  
at 26°C and day/night cycles of 16:8 hours. In the greenhouse tobacco plants were 
grown in standard soil with 30-50% (v/v) sea sand for 16h at artificial daylight and 
25°C at 10.000 Lux + daylight. 
MSMO-medium, pH 5.8 
MSMO (Sigma) 0.44% (w/v) 
Sucrose 3% (w/v)   
2,4-Dichlorophenoxyacetic acid 0.2 µg/ml   
Thiamine HCl 0.6 µg/ml 
KH2PO4  1.5 mM 
 
MSMO-medium for transgenic cell lines also included 100 µg/ml kanamycin added 
after autoclaving. For preparation of agar plates 0.8% (w/v) agar was added. For 
selection of recombinant calli 100 µg/ml kanamycin and 200 µg/ml claforan for 
elimination of agrobacteria were added to the agar medium after autoclaving. 
2.4.2 Stable Transformation of BY-2 cells 
For transformation three day old BY-2 cells (2.4.1) were used. 3 ml BY-2 suspension 
containing 100 µM acetosyringone was inoculated with 150 µl transgenic A. 
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tumefaciens culture (2.2.9.4) grown to OD600 = 1 in 3 cm petri dishes. After a three day 
coincubation at RT in the dark, 500 µl of the suspension plus 500 µl MSMO medium 
was plated onto MS plates containing 100µg/ml kanamycin for selection and 200 µg/ml 
claforan for removal of the agrobacteria. The plates were sealed with parafilm and 
incubated in the dark at RT for 4-6 weeks until calli regenerated. 
2.4.3 Stable Transformation of tobacco plants 
2.4.3.1 Cultivation of sterile tobacco plants 
Tobacco plants used for stable transformation had to be grown under sterile conditions.  
N. tabacum cv. Petita Havana SR1 seeds were incubated for 5 min in 70% (v/v) EtOH 
and thoroughly washed with sterile water. The sterilized seeds were germinated on MS-
agar plates. Seedlings were then transferred into sterile glass jars with MS-agar and 
grown to a size of 10 cm. 
MS-medium, pH 5.8 
MS-salt with vitamins (Duchefa) 0.44% (w/v) 
Sucrose 2% (w/v) 
Thiamine HCl 0.4 µg/ml 
Agar 0.8% (w/v) 
 
2.4.3.2 Stable transformation of tobacco plants 
Stable transformation of N. tabacum was performed with the help of Dr. Flora Schuster 
(RWTH Aachen, Institut für Biologie VII).  The transformation of N. tabacum cv. Petite 
Havana SR1 was performed according to the leaf-disc method described by Horsch et 
al. (1985). Briefly, small leaf discs punched out of sterile grown plants (2.4.3.1) were 
incubated for 30 min at RT with 50-100 ml of the transgenic Agrobacterium suspension 
(2.2.9.4). The leaf discs were then transferred onto sterile pre-wetted Whatman filters in 
petri dishes, closed with saran wrap and incubated at 26-28°C in the dark for three days. 
Following washing with distilled water containing 200 mg/l Claforan, leaf discs were 
transferred onto agar plates with callus inducing medium containing the selection 
antibiotic and Claforan at 25°C and day/night cycles of 16:8 hours for 3-4 weeks. After 
shooting, the shoots were removed and transferred onto MS plates (2.4.3.1) 
supplemented with 100 mg/l Kanamycin and 200 mg/l Claforan and incubated at 25°C 
with day/night cycles of 16:8 hours for 10-14 days in the phytochamber until roots 
developed. The small plants were transferred into soil. 
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Callus-inducing medium 
MS salt with vitamins (Duchefa) 0.44% (w/v) 
Sucrose 2% (w/v) 
Thiamine HCl 0.4 µg/ml 
BAP (6-benzylaminopurine) 1 mg/ml 
NAA (naphtylacetic acid) 0.1 mg/ml 
 
After autoclaving and cooling down to 50°C antibiotics in the following final 
concentrations were added: 
Kanamycin 100 µg/ml 
Claforan 200 µg/ml 
 
2.4.4 Vacuolar Membrane Staining 
2 ml of a three day old BY-2 suspension culture (10% (v/v) cell packed volume) was 
supplemented with 20 µM FM1-43 and incubated at 26°C on an orbital shaker at 180 
rpm in the dark. After incubation, the cells were washed four times with 20 ml BY-2 
medium (300 xg, 4°C, 5 min). The pellet was resuspended in 7.5 ml medium and 
incubated for 16-20 hours in an orbital shaker in the dark before imaging. For double 
labeling, pre-labeled cells were supplemented with 20 µM FM4-64 at 4 °C and 
incubated for 90 min at 26 °C before imaging. For endosome imaging, cells were 
supplemented with 20 µM FM1-43 on ice and incubated at 26 °C until endosomes were 
clearly visible by confocal microscopy.  
2.4.5 Confocal Laser Scanning Microscopy 
BY-2 cells were imaged with a Leica TCS SP Upright Confocal Laser Scanning 
Microscope equipped with Argon, Krypton and Helium/Neon Lasers. FM1-43 was 
excited with the 488 nm Ar laser line and confocal sections were collected using a 580-
620 nm emission setting. FM4-64 was excited with the 488 Kr laser line and confocal 
sections collected with 710-780 nm emission setting. BY-2 cells expressing GFP fusion 
constructs were imaged with 488 nm Kr laser excitation and emission was collected at 
500-530 nm. Images were acquired separately for each fluorophore in each series using 
custom written journals in the LEICA TCS-SP software. For 4D imaging of the vacuole 
a confocal Z series, typically 4-12 µm, was defined by Z sectioning. This Z series was 
then automatically acquired every 15 to 40 seconds for up to 20 minutes. The individual 
series were extracted from the resulting multi-image TIF confocal file with custom 
written journals in the Metamorph 4.5 software (Universal Imaging, West Chester, 
USA) and individual projection images were generated. The sequential 3D projection 
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stacks were then analyzed for membrane motion events and appropriate time-lapses 
were transformed into AVI movie files. 
Endosome tracking was performed using BY-2 cells labeled with 20 µM FM1-43 for 90 
min and then imaged as above using rapid confocal scanning (1-2 < 1.5 µm Z sections 
per second for each frame). Endosomes were manually tracked using the particle 
tracking plug-in of the Metamorph software and endosome velocity was expressed in 
µm/Sec in XY. 
2.4.6 Preparation of Protoplasts 
20 ml of a three day old BY-2 suspension culture was centrifuged (300 xg/ 5 min/ RT) 
and the pellet was resuspended in a double volume enzyme solution. The cells were 
transferred into a petri dish and incubated for 6-7 hours at slight rotation (50-75 rpm) on 
a shaker at 26°C in the dark. After the incubation protoplasts were washed two times 
with MMC (100 xg/5min/RT). The protoplasts were then carefully added onto 20 ml 
sterile 25% (w/v) sucrose solution and centrifuged (15min/100 xg/RT). The protoplasts 
from the interphase were transferred into a petri dish, diluted with 20 ml MMC and 
regenerated over night in the dark on a shaker at 50-75 rpm and 26°C. All pipetting 
steps of protoplasts were carefully done with an inverted glass pipette under sterile 
conditions. The next day the protoplasts were pelleted (100 xg/ 5 min/ RT) resuspended 
in an appropriate amount of MMC and used for further experiments. 
Enzyme Solution 
MMC  
Cellulase Onozuka R-10 1.5% (w/v) 
Mazerozym 0.3% (w/v) 
BSA 1% (w/v) 
 
For preparation of the enzyme solution the cellulase was added to MMC and stirred for 
5 min. Then mazerozym was added and stirred for 25 min in the dark. Next BSA was 
added and stirred for another  5 min. The solution was sterile filtered and heated to 45°C 
for 10 min to inactivate proteases. 
 
MMC 
Mannitol 0.5 M 
CaCl2 10 mM 
MES 10 mM 
2.4.7 pIgR Dimerization Assay 
The assay was performed to test if dimerization of pIgR-GFP by a monoclonal GFP 
antibody as ligand causes enhanced endocytosis of the artificial receptor. The rationale 
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was that enhanced receptor endocytosis leads to increased endosome number which can 
be detected by image analysis of confocal sections. As binding of the GFP antibody to 
the cell-surface receptor is hindered by its inability to cross the cell wall of intact BY-2 
cells, the assay had to be performed with protoplasts. To maintain a constant osmolarity, 
all steps were performed in MMC medium. 500 µl of over-night recovered protoplasts 
(2.4.6) were supplemented with 1 mg/ml mc anti-GFP JL8 antibody in an Eppendorf 
tube and incubated for 150 min at RT. During the incubation period, untreated 
protoplasts were imaged by confocal microscopy. Vesicles could be imaged best by 
taking single z sections directly beneath the cell surface. This way sectioning of the 
vacuolar lumen was avoided. After the antibody incubation, protoplasts were washed 
three times with 2 ml MMC (100 xg/ 3 min/ 4°C). One anti-GFP treated protoplast 
aliquot of pIgRwt-GFP and pIgRmut-GFP expressing cells was placed on ice. The 
remaining protoplasts were pelleted (100 xg/ 3 min/ 4°C) and resuspended in 500 µl 
fixative (MMC/ 4% (w/v) FA) and fixed for 1 h. Further steps for secondary detection 
of the endocytosed anti-GFP antibody with goat anti-mouse Alexa 568 were performed 
according the immunocytochemistry protocol (2.4.8). The unfixed protoplast aliquots 
were imaged by confocal microscopy. The individual z sections were used for image 
analysis with the Metamorph software to determine the amount of vesicles per µm3 
cytoplasm before and after incubation with the antibody. For that purpose, vesicles per 
manually defined protoplast section were counted with the semi-automated “Count 
Cell” function of the software based on the manually defined threshold of the vesicle 
pixel brightness. The volume of the sections was calculated by area measurement of the 
selected cell section and the assumption that one sections equals 1 µm z-distance. With 
the resulting vesicle count and section volume values, the amount of vesicles/µm3 
cytoplasm was calculated for each cell. A Students T-test was performed with the pre- 
and post-treatment measurement results of the image analysis of pIgRwt-GFP and 
pIgRmut-GFP expressing cell lines.  
2.4.8 Immunocytochemistry 
Immunocytochemistry of transgenic BY-2 cells was performed with protoplasts 
prepared according to 2.4.6 but directly fixed after protoplastation without regeneration 
over night. All following steps were performed in 2 ml Eppendorf tubes. For fixation 
protoplasts were resuspended in MTSB/ 4% (w/v) formaldehyde and fixed for one hour. 
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The fixation solution was freshly prepared from a frozen 8% (w/v) paraformaldehyde 
stock before use. After fixation protoplasts were washed four times with 2 ml MTSB 
(100 xg/ 3 min/ RT) and then permeabilized with MTSB/ 0.1% (v/v) Triton X-100 for 
20 min. The protoplasts were then washed once with MTSB and resuspended in 500 µl 
MTSB/ 3% (w/v) BSA/ 0.1% (w/v) cold water fish skin gelatin with mouse anti-GFP 
1:500. In case of labelling with JIM84, the antibody containing hybridoma supernatant 
was diluted 1:2 with MTSB/ 3% (w/v) BSA/ 0.1% (w/v) cold water fish skin gelatin and 
mouse anti-GFP was added 1:500. The cells were incubated with the primary antibody 
over night at 4°C. The next day protoplasts were washed four times with 2 ml MTSB 
(100 xg/ 3 min/ RT) and incubated with the secondary antibodies 1:250 in MTSB/ 3% 
(w/v) BSA for two hours at RT in the dark. After washing again four times with 2 ml 
MTSB the protoplasts were resuspended in MTSB/ 50% (v/v) glycerol, pipetted on 
object slides covered with a cover slip, sealed with nail polish to prevent evaporation of 
the buffer and analyzed by confocal microscopy. 
MTSB (microtubule stabilizing buffer), pH 6,9 
Pipes 50 mM 
EGTA 5 mM 
Mg2SO4 5 mM 
Mannitol 0,3 M 
2.4.9 Uptake Assays 
The uptake assay was a tool for quantification of endocytosis in BY-2 cells. It measures 
uptake of a membrane bound fluorescent dye (FM1-43) and was used to test chemical 
compounds for their effect on endocytosis (Emans et al. 2002). The uptake assays were 
performed as follows. 2 ml aliquots of a 3-4 day old BY-2 suspension in medium (2.4.1) 
with 10% (v/v) cell packed volume were pipetted in 50 ml falcon tubes. Then the 
compounds to test were added in the appropriate concentration. In two samples only the 
compound solvent was added and served as 4°C and 26°C control. The samples were 
then incubated for one hour at 26°C at 180 rpm in the dark. In case of pre-/co-treatment 
with another compound, the cells were incubated with the first compound for 30 min 
before the second compound was added followed by one hour incubation. After the 
incubation the samples were cooled on ice for 15 min to stop endocytosis and 50 µl of a 
0.24 mM FM1-43 solution was added per Falcon tube (6 µM final dye concentration). 
The dye solution was prepared from a 20 mM FM1-43 stock in DMSO by dilution with 
medium. The samples were then incubated again for one hour at 26°C at 180 rpm in the 
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dark except the 4°C control that was kept on ice. All samples were washed four times 
with 20 ml medium (300 xg/ 5 min/ 4°C) and after the last washing step the cell pellets 
were resuspended in 2.5 ml medium. 200 µl aliquots were pipetted in a 96-well Greiner 
low-binding plate using one row of wells per sample. Three millimeter of the pipet tips 
were cut off to prevent clogging of small yellow tips by the cells. The plate was 
measured in a fluorescence plate reader (FLUOstar 403) at 485 nm excitation and 590 
nm emission. For each plate the gain was adjusted to 85% of the brightest well. The 
read-outs of one row were averaged and the reading of the 4°C control sample was 
subtracted as background. For each compound treated sample the percentage change in 
fluorescence intensity compared to the 26°C control was calculated and plotted. 
BY-2 medium, pH 5.6 
MSMO 0.443% (w/v) 
Sucrose 3% (w/v)   
Thiamine HCl 0.6 µg/ml 
KH2PO4  1.5 mM 
 
Depending on the assay also following components were added: 
2,4-Dichlorophenoxyacetic acid 0.2 µg/ml   
MES 20 mM 
 
 
All uptake assays with auxins or TIBA were performed in buffered medium to exclude 
any side effects due to the low pH by the tested acids. 
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3 Results 
The goal of this study was to examine the endocytic pathway and regulation of 
endocytosis in plant cells. This was approached by combination of fluorescence, live 
cell imaging and molecular biological techniques. Given the inherent difficulty in 
resolving the plant endocytic pathway, use was made of the fluorescent dyes FM1-43 
and FM4-64 that penetrate the cell wall and then intercalate into the plasma membrane. 
When inserted in the bilayer, the dyes undergo a conformational/structural change that 
results in a substantial increase in its fluorescence/quantum yield (100 fold) and a blue 
shift in their excitation and emission spectra compared to the dye in aqueous solution. 
The dyes enter the endocytic pathway of plant cells via its internalization into cell 
surface derived vesicles. Internalized dye was resolved from plasma membrane labeling 
with either confocal imaging or by washing residual dye free of the plasma membrane 
with excess marker free buffer (Emans et al., 2002). 
Internalization of the plasma membrane bound styryl dye FM1-43 results in 
staining of the vacuolar membrane after long term incubation and implies that the 
transport to the vacuole is the default pathway in plant endocytosis. Thus, in the first 
part, the structure and dynamics of the vacuole as the final endocytic compartment was 
analyzed (3.1.1, 3.1.2) as well as endocytic vesicle transport within trans-vacuolar 
strands (3.1.3). In the second part, endocytosis and membrane trafficking were 
examined with different GFP-fusion proteins. The GPI-anchored protein AtGPIP1 fused 
to GFP was used as a tool to image the secretory and endocytic pathway simultaneously 
(3.2.2.2) and to study the effects of the fungal metabolite Brefeldin A (BFA) – known 
for its effects on Golgi structure, endocytic recycling and secretion in animal cells – on 
both pathways in the cellular context (3.2.2.4, 3.2.2.5). Furthermore, the functionality 
and processing of mammalian endocytosis and targeting signals in plant cells was 
analyzed by an artificial receptor construct composed of the cytosolic tail of the rabbit 
poly-Ig receptor as well as an pIgR tail with mutated endocytosis signal linked to GFP 
(3.2.3). To compare the results obtained with the artificial receptor constructs with 
endocytosis characteristics of a native plant receptor-like protein, the Ve2 protein from 
tomato was chosen for fusion to GFP as its sequence shows an endocytosis signal 
(3.2.4). In the third part an assay for quantification of membrane internalization in plant 
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cells was developed (3.3.1). The assay was used to screen known compounds on their 
effect on endocytosis (3.3.2) and further used to analyze the effect of auxins and polar 
auxin transport inhibitors on endocytosis (3.3.3). 
3.1 Structure and Dynamics of BY-2 cell vacuoles 
The intention of this part of my work was to analyze the three dimensional organization 
and dynamics of the plant vacuole in living plant suspension cells with particular focus 
on trans-vacuolar strands. Trans-vacuolar strands comprise close to 25% of the total 
plant cytosol and as such are a central element of plant cells. In order to label the 
vacuolar membrane (tonoplast) for imaging by confocal microscopy, the amphipathic 
styryl dye FM1-43 was used. This dye integrates into the plasma membrane and is 
transported to the plant vacuole by endocytic uptake (Emans et al., 2002). Under the 
performed labeling conditions (2.4.4) the dye was found exclusively in the membrane of 
the central vacuole of all cells up to 48h after dye internalization and after several 
rounds of cell division and growth. Tobacco suspension cells are relatively large in 
comparison to animal cells with a diameter of 30-60 µm and the vacuole has internal 
dimensions approaching that of the diameter of animal cells. Conventional confocal 
time-lapse imaging was unsuitable for analyzing vacuolar dynamics because it would 
only resolve one thin section within the vacuole over time and there was considerable 
movement in three dimensions. To analyze the dynamics of the vacuole 4D confocal 
imaging was applied, where three-dimensional confocal z stacks were captured over 
time. The z stack was used to create a 3D-projection image for each time point and used 
to assemble 4D movies. 
3.1.1 Vacuolar Structure 
The vacuole of tobacco suspension cultures was remarkably internally complex. Fig. 3 
shows three-dimensional reconstructions of FM1-43 labeled vacuoles in tobacco 
suspension cells from confocal imaging. In Fig. 3A the vacuole was internally 
convoluted and complex, wrapping the nucleus, which was on one side of the cell. Folds 
of vacuolar membrane protruded into the lumen that was traversed by trans-vacuolar 
strands (TVS), as was visible in the chain of three cells presented in Fig. 3B. The 
complex topology divides the cytoplasm into three domains: perinuclear cytoplasm, the 
peripheral cytoplasm and the trans-vacuolar strand enclosed cytoplasm. During 
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cytokinesis the vacuole became fragmented and nearly all TVS vanished until the 
nucleus – sitting in the center of the cell – was surrounded by thin tubular structures 
(Fig. 4) as observed by Kutsuna and Hasezawa (2003). 
    
Fig. 3 3D reconstruction of BY-2 vacuoles  
Three-dimensional reconstruction of a confocal z section through tobacco BY-2 suspension 
cells labeled with FM1-43 (2.4.4, 2.4.5). A 50 µm deep z section of the terminal two cells of a 
cell chain B 20 µm deep z section of the central three cells from a cell chain. Scale bar = 10 µm 
 
Fig. 4 3D reconstruction of a BY-2 cell vacuole of a dividing cell  
3D reconstruction of a 16 µm deep confocal z section of a BY-2 cell showing vacuolar 
morphology during cytokinesis (2.4.4, 2.4.5). 
3.1.2 Vacuolar Dynamics 
Trans-vacuolar strands are mobile structures serving as transport channels 
With 4D imaging it was observed that the TVS were dynamic and that the vacuolar 
membrane was in a constant state of flux and remodeling. Cytoplasm moved through 
TVS as anastomosing local swellings or boluses. Fig. 5 displays a montage of 3D 
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confocal images of a bolus (marked by an arrowhead) in a forked trans-vacuolar strand. 
The ‘bolus’ moved down one arm before crossing a branch point and moving into 
another arm of the fork. The movement of the bolus was interrupted by sporadic pauses. 
This movement had an average velocity of 0.019 µm/sec. The panels of the montage are 
selected to highlight movement and are therefore not constant in time.  
    
 
Fig. 5 Bolus movement in trans-vacuolar strands 
Montage of 3D reconstructed confocal time-lapse images of 8 µm deep z sections through 
tobacco BY-2 suspension cells labeled with FM1-43 (2.4.4, 2.4.5) showing a membrane bolus 
marked by an arrowhead moving across a forked strand. The timescale on the montages shows 
min:sec. Scale bar = 3 µm 
TVSs did not only serve as channels for cytoplasmic movement, they were also mobile 
along one another and within the vacuolar lumen. TVS were observed to move along 
one another towards the peripheral vacuolar wall at the junction between two strands 
(Fig. 6). The marked strand in Fig. 6 had an average velocity of 0.040 µm/sec. After 
strand movement, a swelling of cytoplasm then moved down the remaining strand as 
summarized in the montage in Fig. 6 (arrowhead). The movement at 0.044 µm/sec 
occurred within the velocity range determined for the strand movement. 
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Fig. 6 Trans-vacuolar strand dynamics in living plant cell vacuoles 
Montage of 3D reconstructed confocal time-lapse images of 20 µm deep z sections through 
tobacco BY-2 suspension cells labeled with FM1-43 (2.4.4, 2.4.5) showing strand:strand 
movement (arrow) followed by movement of a membrane bolus (arrowhead). The frames 
between the end of strand:strand movement and the appearance of the membrane bolus have 
been skipped in the montage. The timescale on the montages shows min:sec. Scale bar = 3 µm 
Fusion of trans-vacuolar strands 
Detailed analysis of 3D confocal time-lapse images revealed that fusion events between 
multiple independent TVS were a consistent feature of vacuolar dynamics. Fig. 7 three 
TVS – that were clearly identified as being single by serial z sectioning before 4D 
imaging – are shown that move along the other strand before all three fuse together in 
the lumen of the vacuole. As the three strands move towards each other, the central hole 
in between the strands decreases until a small cylinder is left (see frame 10 at 2:15 min 
in the montage). Finally, this cylinder was removed so that the strands were completely 
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unified and a vesicle was observed moving away from the site of the cylinder (frame 11 
and 12 of the montage). The fusion event shown in the last 3 frames of the montage 
occurred in ~ 45 seconds. 
 
Fig. 7 Fusion of TVS in the vacuolar lumen 
Montage of 3D confocal time-lapse images of a 12 µm deep z section of BY-2 cells labeled with 
FM1-43 (2.4.4, 2.4.5) acquired at 15 sec intervals showing multiple trans-vacuolar strand fusion. 
The timescale on the montage shows min:sec. Scale bar = 10 µm 
Creation of trans-vacuolar strands 
The reduction of TVS by fusion was balanced by creation of new strands in a process 
where a thin membrane sheet was perforated and split into strands (Fig. 8). After an 
initial pore was visible in the sheet, the hole enlarged to generate a new strand. The 
generated strands were able to move away from the initial generation site. As shown in 
Fig. 8, large membrane sheets were capable of multiple fissions to produce more than 
one new strand. 
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Fig. 8 Generation of TVS from splitting membrane sheets 
Montage of 3D reconstructed confocal images of a 16 µm deep z section of BY-2 cells labeled 
with FM1-43 (2.4.4, 2.4.5) acquired at 15 sec intervals showing the creation of new strands. The 
timescale on the images shows min:sec. Scale bar = 5 µm 
3.1.3 Endosome Tracking 
The membrane dye FM1-43 is delivered to the vacuole by endocytic uptake. Therefore, 
it could also be used to visualize the endocytic pathway by confocal microscopy after 
short times of dye internalization. The use of a second dye – the red fluorescent dye 
FM4-64 – allowed an examination of the spatial relationship between endosome traffic 
and vacuolar dynamism to determine if endosome traffic occurred in TVS. To visualize 
endocytosis and vacuole movement simultaneously, vacuoles were first labeled with 
FM1-43 (2.4.4) and following the overnight incubation, FM4-64 was integrated into the 
plasma membrane of cells at 4 °C. Warming the cells to 26 °C permitted visualization 
of endocytic uptake from the cell surface and simultaneous imaging of vacuolar  
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Fig. 9 Double labeling of endocytic vesicles and the vacuolar membrane 
3D confocal projection images of a 4 µm deep z section showing a suspension cell labeled by a 
two hour pulse of 20 µM FM1-43 and overnight chase followed by plasma membrane labeling 
with 20 µM FM4-64 prior to imaging of FM4-64 internalization (2.4.4, 2.4.5). left, Vacuolar 
membrane staining with FM1-43; middle, plasma membrane and endosomal compartments 
labeled with FM4-64 after 60 min uptake at 26°C; right, overlay of both images. Scale 
bar = 10 µm 
dynamics by two color 3D time-lapse confocal imaging.  Endosomal uptake could be 
observed whereby large vesicles moved away from the cell surface along TVS. The 
endosomes moved into TVS as the strands remodeled themselves within the vacuolar 
lumen. A montage of a double labeled cell is presented in Fig. 9. 
As endosomes were observed within the TVS, it was of interest to define the motion 
characteristics of endosomal population in plant suspension cells. To label endosomes 
for motion tracking in 3D time-lapse imaging, FM1-43 was implanted into the plasma 
membrane (2.4.4) and internalized until endosome populations could be identified by 
confocal imaging (2.4.5). Endosome could be continuously followed in TVS for 3 to 23 
sec of real time motion. Single endosomes moved within the strand with a faster time 
course than strand movement and could be reliably tracked to determine their velocity. 
Endosomal motion consisted of continuous movement punctuated by short 
pauses as well as bi-directional movement within the strands. It was observed that 
endosomes could reverse direction within a single strand.  The average velocity of all 
tracked endosomes (n = 98) was 0.44 µm/sec including the pauses and 0.46 µm/sec 
excluding the pauses. 51% of endosomes tracked had a mean velocity of 0.42 +- 
0.073 µm/sec, and 29% had a lower velocity of 0.22 +- 0.046 µm/sec while the 
remaining 20% moved at the higher velocity of 0.82 +- 0.192 µm/sec (Fig. 11). The 
most rapid endosomes were observed overtaking slower moving endosomes in the same 
trans-vacuolar strand. Fig. 10 shows a montage of 4D imaging of two endosomal 
vesicles (#1 and #2) migrating through a trans-vacuolar strand. A line overlaid onto the 
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images indicates the entire path followed by the endosomes.  Endosome #1 was tracked 
as it overtook endosome #2 in the same trans-vacuolar strand. 
 
 
Fig. 10 Endosome tracking in living plant cells 
The montage shows the tracking of two endosomes (red overlay) in a 1.5 µm section of a trans-
vacuolar strand in a FM1-43 labeled BY-2 cell with the time scale in seconds (2.4.4, 2.4.5). 
Scale bar = 3µm 
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Fig. 11 Distribution of endosome velocities 
Histogram of the percentage of endosomes versus three ranges of velocity (n = 98, 10 
individual experiments, 2.4.4, 2.4.5). 
3.2 Analysis of endocytic trafficking pathways with selected 
GFP fusion proteins 
3.2.1 GFP-KDEL control construct 
3.2.1.1 Cloning of GFP-KDEL 
The vector pTRA-CyGFP-KDEL served as control construct for GFP retained in the 
ER. GFP was isolated from the vector pTRA-CyGFP (3.2.3.1) as PstI/NotI fragment. 
The purified GFP fragment was inserted into the PstI/NotI sites of the vector pTRA-
ERH (kindly provided by Dr. Thomas Rademacher, RWTH Aachen) containing an in-
frame KDEL sequence downstream of the NotI site. The insertion resulted in the vector 
pTRA-CyGFP-KDEL and was used for expression in BY-2 cells. 
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Fig. 12 Cloning strategy for construction of the plant expression vector pTRA-CyGFP-KDEL 
LPH = codon optimized murine signal peptide of mAb24 
3.2.1.2 Microscopy 
The GFP-KDEL construct was transiently expressed in BY-2 cells (2.4.2) and the 
transformed cells were analyzed by confocal microscopy. The ER retention signal 
KDEL lead to accumulation of GFP within the ER as presented in Fig. 13A. In some 
cells also Golgi vesicles were observed (Fig. 13B). This can be explained by the 
functionality of the KDEL signal. It serves as retrieval signal for a receptor shuttling 
between Golgi and ER. Proteins with KDEL signal that escape from ER to the Golgi are 
transported back after binding to the KDEL receptor in the cis-Golgi. Back in the ER, 
the proteins are released from the receptor. Therefore, proteins with a KDEL signal can 
also be present in the cis-Golgi. The cells that show also Golgi labeling may express the 
transgene in high amounts so that more fusion proteins can escape in cargo vesicles for 
the secretory pathway. Furthermore, high expression of GFP-KDEL may saturate the 
KDEL receptor system thereby shifting the retrieval equilibrium towards the Golgi. 
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Fig. 13 Localization of GFP-KDEL in living BY-2 cells 
A 3D reconstruction of a 17 µm deep confocal z section showing the ER structure labeled by 
GFP-KDEL of a living BY-2 suspension cell. B 3D reconstruction of a 13 µm deep confocal z 
section showing ER and Golgi labeling by GFP-KDEL in a living BY-2 suspension cell (2.4.5). 
Scale bars = 10 µm. 
3.2.2 AtGPIP1-GFP 
3.2.2.1 Analysis of transgenic BY-2 suspension cells 
AtGPIP1 is an abundant glycosylphosphatidylinositol (GPI)-anchored protein in 
Arabidopsis thaliana (Sherrier et al., 1999).  It was found in a 2D-SDS-PAA screen for 
GPI-anchored proteins in A. thaliana and fractionation experiments suggested its 
plasma membrane location. The function of the protein is unknown. GPI anchors can 
confer plasma membrane targeting including polarized targeting (Lisanti et al., 1989; 
Brown and Rose, 1992) and GPI-anchored proteins can be released from the plasma 
membrane in a regulated fashion (Andrews et al., 1988; Movahedi and Hooper, 1997). 
In this study the localization of AtGPIP1 in BY-2 cells and possible endocytosis was 
investigated. The plasmid pB10-2 harbors AtGPIP1 fused to GFP. The mature form of 
AtGPIP1 contains of 642 amino acids with a unique EcoRI site 13 amino acids 
downstream of the start where GFP was inserted within the protein.  BY-2 cells were 
stably transformed with the plasmid pB10-2 (2.4.2) and calli expressing AtGPIP1-GFP 
were regenerated. One of the brightest calli was chosen for establishment of a transgenic 
suspension culture for imaging studies. 
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3.2.2.1.1 Immunoblot Analysis 
Cell extracts of the suspension culture were prepared and analyzed by immunoblotting 
(2.3.1, 2.3.2, 2.3.3). The result of the immunoblotting analysis is shown in Fig. 14. 
Bacterially expressed and purified GFP S65T served as positive control for cleaved 
GFP and the antibodies used. The fusion protein was detected at the predicted molecular 
size in an extract of the transgenic cells. Several smaller bands were detected that were 
also present in the wild-type extracts and reflect unspecific binding of the detection 
antibodies. No cleavage of GFP from the fusion partner was detected.  
 
Fig. 14 Immunoblot analysis of AtGPIP1-GFP 
10 µl extract (2.3.1) of transgenic BY-2 cells (lane 2) and wild-type control (lane 3) were loaded 
onto a 10%SDS-PAA gel, separated by gel electrophoresis (2.3.2) and blotted onto a 
nitrocellulose membrane (2.3.3). AtGPIP1-GFP was detected with mab JL-8 anti-GFP 1:2000 
and AP-labeled goat anti-mouse Fc mab 1:5000. 30 ng of bacterially expressed GFP were used 
as positive control (lane 4). M = prestained broad range marker (NEB) 
3.2.2.1.2 Confocal Microscopy  
Observation of the cells with confocal laser scanning microscopy identified a GFP 
fluorescence distribution dependent on the cultivation cycle of the cells. At day two and 
three of the cultivation cycle the fluorescence of the fusion protein was visible in the ER 
(Fig. 15A) and in very bright, fast moving dots which are presumably the Golgi (Fig. 
15B).  After day three, a faint fluorescence signal from the vacuole could be observed in 
some cells (Fig. 16A) in addition to a persisting signal from the ER and Golgi. After 
day four cells could be found that showed labeling of the plasma membrane (Fig. 16B). 
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This labeling pattern may also result from extracellular protein that was entrapped in the 
cell wall after release from the plasma membrane by cleavage of the GPI anchor. 
 
      
Fig. 15 AtGPIP1-GFP expressing BY-2 cells 
A 3D reconstruction of a 28 µm deep z section of a transgenic BY-2 cell expressing AtGPIP1-
GFP on day three of the cultivation cycle. B 3D reconstruction of a 40 µm deep z section of 
transgenic BY-2 cells showing GFP fluorescence distribution on day three of the cultivation 
cycle (2.4.5). Scale bars = 10µm 
 
      
Fig. 16 AtGPIP1-GFP expressing BY-2 cells 
A 3D reconstruction of a 8 µm deep z section of transgenic BY-2 cell on day four of the 
cultivation cycle showing fluorescence of the ER network and Golgi as well as the vacuole. B  
3D reconstruction of a 31 µm deep z section of transgenic BY-2 cells on day five of the 
cultivation cycle (2.4.5).  Scale bars = 10 µm 
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3.2.2.2 Endosome labeling with FM4-64 
AtGPIP1-GFP was observed at the plasma membrane in some cells where it is 
extracellularly attached to the plasma membrane by its GPI-anchor. The location at the 
plasma membrane would allow endocytosis of the protein to the vacuole as final 
destination. To test visible AtGPIP1-GFP containing vesicles for their endosomal 
origin, AtGPIP1-GFP expressing cells were incubated with 10 µM FM4-64 to label the 
endocytic pathway. After incubation with FM4-64 for 90 min, endosomes were clearly 
visible in addition to the plasma membrane staining as shown in Fig. 17. The overlay of 
the GFP labeled vesicular structures and the dye labeled endosomes did not show 
colocalization. Therefore, the GFP labeled structures are not of endosomal origin and 
localization of the protein in the Golgi is suggested.  
 
Fig. 17 Endosome labeling in  AtGPIP1-GFP expressing cells  
The images show a single confocal section of BY-2 cells taken with GFP and FM4-64 emission 
settings and the overlay of both channels after incubation with 10 µM FM4-64 for 90 min (2.4.4, 
2.4.5). Scale bar = 10 µm 
3.2.2.3 Immunofluorescence 
Microscopical analysis of the transgenic BY-2 cells expressing AtGPIP1-GFP and 
colocalization studies with the endosomal tracer FM4-64 suggested the Golgi as the 
main localization of the fusion protein. To verify the visible vesicular structures as 
being Golgi vesicles, immunocytochemistry with the Golgi specific antibody JIM84 
(Evans et al., 1997) was performed (2.4.8). As the fixation process for 
immunocytochemistry resulted in fading of the GFP fluorescence, the fusion protein 
was additionally detected by an antibody against the GFP part. As shown in Fig. 18, the 
GFP fluorescence of the fusion protein nicely overlapped with the Golgi vesicles 
labeled by JIM84. This proofs the Golgi localization of AtGPIP1-GFP previously 
observed in vesicular structures. 
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Fig. 18 Immunofluorescence microscopy of AtGPIP1-GFP and the Golgi  
Protoplasts (2.4.6) of transgenic AtGPIP1-GFP expressing BY-2 cells were double labeled with 
mc αGFP JL8 and the Golgi marker antibody JIM84 (2.4.8). Alexa 488 goat anti-mouse and 
Alexa 568 goat anti-rat were used for secondary detection of the primary antibodies (2.4.8). A 
single confocal section of both channels as well as the overlay is presented (2.4.5). Scale bar = 
10 µm  
 
3.2.2.4 BFA treatment 
The presence of the fusion protein in the ER and Golgi apparatus suggested the 
transgenic cell line as a preferential subject for examination of the effect of Brefeldin A 
(BFA) on plant cells. BFA is a fungal toxin and is generally known as a potent inhibitor 
of protein secretion in eukaryotic cells (Takatsuki and Tamura, 1985). It inhibits the 
Golgi-associated guanine nucleotide exchange activity of the small GFP-binding protein 
ADP-ribosylation factor 1 (ARF1) (Donaldson et al., 1991; Helms and Rothman, 1992). 
The structure of the Golgi complex is severely perturbed after only a few minutes of 
BFA treatment, which typically fuses with the ER, leading to a complete block of 
protein transport out of the fused ER-Golgi system (Lippincott-Schwartz et al., 1989). 
In plants it has additional effects, typically it results in formation of the so-called “BFA 
compartments” (Satiat-Jeunemaitre and Hawes, 1994) which are usually two per cell 
and located close to the nucleus.  The origin and mechanism of formation of this 
compartment is unknown. As presented in Fig. 19A treatment of cells showing Golgi 
labeling with 100 µg/ml BFA for 15 min lead to a complete loss of the Golgi vesicles. 
Instead, the ER network was observed. Compared to control cells with visible reticulate 
ER structure (compare to Fig. 15A), the network had a hazy appearance after BFA 
treatment. This may be due to the artificial ER/Golgi composite structure promoted by 
BFA. Prolonged treatment with BFA up to 90 min resulted in formation of the 
characteristic BFA compartments surprisingly in addition to the remaining ER-Golgi 
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hybrid as demonstrated in Fig. 19B. Usually, either ER-Golgi hybrids (Ritzenthaler et 
al., 2002) or BFA compartments (Baluska et al., 2002) have previously been observed 
in one cell.  To summarize, AtGPIP1-GFP is a suitable tool to label the secretory 
pathway and was used to visualize effects of BFA on the ER-Golgi system. 
    
Fig. 19 Brefeldin A effect on AtGPIP1-GFP distribution within the cell 
A 3D projection image of a 8 µm deep confocal z series showing transgenic cells after a 15 min 
incubation with 100 µg/ml BFA. B 3D projection image of a 30 µm deep confocal z series of 
transgenic cells after 90 min incubation with 100 µg/ml BFA. Arrows mark the evolved BFA 
compartments adjacent to the nucleus (2.4.5). Scale bar 10 µm 
3.2.2.5 BFA treatment and endosome labeling with FM4-64 
Emans et al. (2002) demonstrated that BFA not only affects the secretory pathway but 
also has a great impact on membrane recycling. An effect on endocytosis is also 
suggested in 3.3.2. Up to now, changes in the endosomal and secretory pathway by 
BFA have not been examined simultaneously before. To image effects of BFA on the 
endosomal and secretory pathway simultaneously, AtGPIP1-GFP expressing cells were 
labeled with FM4-64 until endosomes could be imaged. Then the cells were incubated 
with 100 µg/ml BFA and morphological changes were imaged over time. The summary 
of the observations is presented in Fig. 20. Within 15 min of BFA treatment, the 
observed labeling of the Golgi by AtGPIP1-GFP vanished as presented before (Fig. 
19A). Instead, a hazy ER network became visible. At this stage, the red channel 
displaying endosomal compartments already showed larger aggregations (Fig. 20E). 
Prolonged treatment with BFA lead to the previously observed formation of the BFA 
compartments in the green channel (Fig. 20G). Similar compartments were also visible 
with FM4-64 labeling. Overlay of both images showed yellow overlap of the BFA 
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compartment marked by AtGPIP1-GFP and the endosomal aggregates labeled with 
FM4-64. Observation of the overlapping aggregates at higher magnification revealed 
that the two channels did not exactly overlap. The yellow center is bordered by a red 
and green part. 
 This result suggests that the BFA compartment is a composite aggregate of 
endosomal and secretory components. The involvement of endosomal components in 
the BFA compartment has also been suggested previously (Geldner et al., 2001). Our 
experiment additionally shows that although the two components mix to a certain 
degree, separated sub compartments were maintained.  
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Fig. 20 BFA induced changes of endosomal and Golgi/ER structures 
Transgenic cells with FM4-64 prelabeled endosomes were treated with 100 µg/ml BFA and 
changes over time were imaged (2.4.4, 2.4.5). A,D, and G shows the BFA induced changes in 
the structures labeled by AtGPIP1-GFP. In B,E, and H the endosomal compartments in the 
corresponding cells labeled by FM4-64 are shown. C,F, and I presents the corresponding 
overlay of both channels. The inset in I shows a magnified aggregate overlay. Scale bar = 10 
µm 
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3.2.3 pIgR-GFP 
3.2.3.1 Cloning of pIgR-GFP 
For fusion of the cytosolic tail and trans-membrane domain of the pIgR receptor to the 
C-terminus of GFP, first the vector pTRA-CyGFP was generated. GFP was amplified 
from the vector pB10-2 in two subsequent PCR reactions (2.2.6.1) using two 
overlapping forward primers (Table 1) for introduction of the N-terminal tag54 
sequence and PstI site and one reverse primer for introduction of a C-terminal NotI site 
for following cloning steps. After PstI/NotI restriction, the PCR fragment was ligated 
into the PstI-NotI sites of pTRA-dhfr-AHnew (kindly provided by Dr. Thomas 
Rademacher, RWTH Aachen). The pIgRwt and pIgRmut fragment, consisting of a short 
part of the stalk, the trans-membrane domain and the cytoplasmic domain, was 
amplified by PCR from the vectors pUC-pIgRwt and pUC-pIgRmut. The forward 
primer pIgR-Fw was complementary to bp 1996-2015 of the rabbit pIgR sequence 
(Mostov et al., 1984) and contained the Gly4Ser-linker sequence with NotI site as 
overhang. The reverse primer complementary to bp 2424-2432 of the rabbit pIgR 
sequence was used for introduction of an XbaI site for following cloning steps. The 
NotI/ XbaI digested pIgR PCR fragments were inserted into the corresponding sites of 
the vector pTRA-CyGFP resulting in pTRA-pIgRwt-GFP and pTRA-pIgRmut-GFP 
(Fig. 21). 
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Fig. 21 Cloning strategy for construction of the plant expression vectors pTRA-pIgRwt-GFP and 
pTRA-pIgRmut-GFP 
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3.2.3.2 Analysis of transgenic BY-2 cells 
3.2.3.2.1 Immunoblot Analysis 
For immunoblot analysis of the fusion proteins, cell extracts of both transgenic cell lines 
and wild-type cells were prepared (2.3.1) and the cell extract as well as the extraction 
pellet was loaded onto a SDS gel for gel electrophoresis and subsequent blotting (2.3.2, 
2.3.3). pIgRwt-GFP and pIgRmut-GFP were detected with a monoclonal antibody 
against GFP. The fusion proteins have a calculated molecular weight of about 47 kDa. 
As presented in Fig. 22, bands at the appropriate size corresponding to the full-length 
proteins were detected in the extraction pellets of the transgenic cell lines. The band of 
the full-length protein was hardly detected in the cell extract. Instead a degradation band 
of ~27 kDa was visible. 
 
Fig. 22 Immunoblot detection of pIgRwt-GFP and pIgRmut-GFP  
Transgenic and wild-type cells were extracted (2.3.1) with extraction buffer containing “complete 
protease inhibitor mix” (Sigma). 10 µl of the extraction pellet (P; 1:2 diluted with PBS) and 20 µl 
of the extract (S) were loaded onto a 10% (w/v) SDS-PAA gel, separated by gel-electrophoresis 
(2.3.2) and blotted onto a nitrocellulose membrane (2.3.3). pIgRwt-GFP and pIgRmut-GFP were 
detected with mAb JL-8 anti-GFP 1:2000 and AP-labeled goat anti-mouse Fc mAb 1:5000. 30 
ng of bacterially expressed GFP was used as positive control. M = prestained broad range 
marker (NEB) The arrows mark the band sizes of the full-length fusion proteins and the 
degradation product. 
The absence of the full-length protein in the cell extract suggests that the extraction 
procedure did not yield in solubilization of the transmembrane protein. As the extraction 
buffer contained protease inhibitors the degradation product detected in the cell extracts 
is likely to result from cellular degradation. It resembles GFP cleaved from the fusion 
partner. Some degradation of the fusion protein within the cells is further suggested by 
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the observed cells containing soluble GFP within the vacuole as demonstrated in Fig. 
23A. 
3.2.3.2.2 Confocal Microscopy 
After establishment of transgenic BY-2 suspension cultures (2.4.1) expressing pIgRwt-
GFP and pIgRmut-GFP, three and four day old suspension cells were analyzed for the 
location of the fusion proteins by confocal microscopy. As demonstrated in Fig. 23, in 
both cell lines the fusion protein was found in small vesicles and the plasma membrane 
during interphase. The vesicles were of variable sizes and some moved within the 
cytoplasm and the trans-vacuolar strands. The plasma membrane labeling was 
uniformly distributed. No preferential accumulation indicative for polar or asymmetric 
localization of the fusion proteins was detected. The increased membrane brightness 
between adjacent cells in a chain or cluster (Fig. 23B) resulted from the joined plasma 
membrane fluorescence of two neighboring cells. The double fluorescence intensity of 
adjacent plasma membranes was verified with a confocal line scan during microscopy. 
Some cells were found that had a fluorescent vacuolar lumen as exemplified by the cell 
at the right end of the upper cell chain presented in Fig. 23A. Mitotic cells in contrast 
showed an altered distribution of the fusion protein. During cytokinesis, the plasma 
membrane labeling vanished and the fusion proteins were relocated to the center of the 
division plane, where the cell plate was initiated. The concentration of the fusion 
proteins at the phragmoplast was characterized by a very bright fluorescence of the 
latter. Labeling of the cell plate was observed in pIgRwt-GFP as well as pIgRmut-GFP 
expressing cells and is exemplified for pIgRmut-GFP in Fig. 24. 
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Fig. 23 Localization of pIgRwt-GFP and pIgRmut-GFP in transgenic BY-2 cells 
A 3D projection image of a 16 µm deep confocal z section of BY-2 cells expressing pIgRwt-
GFP. B 3D projection image of a 15 µm deep confocal z section of BY-2 cells expressing 
pIgRmut-GFP (2.4.5). Scale bars = 10 µm 
 
          
Fig. 24 Labeling of the phragmoplast by pIgRmut-GFP 
Confocal section of BY-2 cells expressing pIgRmut-GFP. The central cell is in a late stage of 
cytokinesis with a forming cell plate. In this cell, pIgRmut-GFP is localized to the phragmoplast, 
no labeling of the plasma membrane is visible (2.4.5). Scale bar = 10 µm 
3.2.3.3 FM4-64 labeling 
The pIgR fusion constructs were generated as tools for evaluation of the endocytic 
pathway in plant cells. As presented in Fig. 23, the fusion proteins were detected at the 
plasma membrane and in bright vesicles. After reaching the plasma membrane by the 
secretory pathway, the proteins can be endocytosed into endosomes. Thus, the observed 
vesicles can resemble either compartments of the secretory pathway or endosomes. 
Therefore, endosomal vesicles had to be identified to verify the endocytosis of the 
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fusion protein. Furthermore, the identification of endosomes in both cell lines allows to 
compare the two constructs in terms of differences in endosome number related to the 
presence or absence of the endocytosis signal. To specifically mark vesicles of the 
endocytic pathway, cells were labeled with the styryl dye FM4-64. This dye is bright 
red fluorescent after integration into membranes. After integration into the plasma 
membrane it is endocytosed and can simultaneously be imaged together with the GFP 
fluorescent vesicles. Overlay of the two images results in yellow color of overlapping 
vesicles, thereby identifying the corresponding green vesicle as endosome. For 
endosome labeling, the cells were incubated for 90 min with 20 µM FM4-64 to 
internalize the plasma membrane bound dye and then imaged. 
 
 
Fig. 25 Endosome labeling in pIgRwt-GFP and pIgRmut-GFP expressing cells 
The left images of the montages show the GFP fluorescence of vesicles containing pIgRwt-GFP 
(upper panel) and pIgRmut-GFP (lower panel) as well as endosomes labeled by FM4-64 
(middle). The right images of the panels show the overlay of the corresponding GFP and FM4-
64 images (2.4.4, 2.4.5). Endosomes containing the fusion protein are marked by the yellow 
overlay.  Scale bars = 10 µm 
Analysis of the confocal microscopy images showed three populations of vesicles (Fig. 
25), non-overlapping red and green vesicles and an overlapping yellow population. The 
colocalization of GFP (green) and FM4-64 (red) vesicles marked in yellow as displayed 
in Fig. 25, indicates that the fusion protein is present in endosomes. To estimate the 
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proportion of endosomes containing the fusion protein in relation to all observed green 
fluorescent vesicles, the number of vesicles per cell in the confocal images was 
manually counted as well as the number of overlapping vesicles in the overlay images. 
This allowed a calculation of the endosomal vesicle fraction. Table 4 summarizes the 
results of the vesicle counting. At average, 31.7% percent of the fluorescent vesicles 
observed in the transgenic cells expressing pIgRwt-GFP were overlapping with the 
FM4-64 labeling, in pIgRmut-GFP expressing cells 17.2 % of the vesicles were found 
to overlap. In other words, the pIgRmut-GFP cells showed 56% less endosomes 
containing the fusion protein compared to the cell line expressing the construct with the 
wild-tpe endocytosis signal. This result strongly suggests that the pIgR endocytosis 
signal is recognized in plants and promotes endocytosis of the fusion protein. 
For the observation of three vesicle populations – green, red and yellow - several 
explanations are possible. Firstly, a green vesicle population was anticipated, as there 
have to be secretory vesicles transporting the fusion construct to the plasma membrane. 
Secondly, there might be selective endocytosis of plasma membrane sub-domains 
containing only dye or fusion protein enrichments. Different populations of endosomes 
containing either dye or the pIgR-GFP constructs may be targeted to different locations 
without mixing. Thirdly, some sorting may occur within the endocytic pathway and the 
fusion proteins are separated from the endocytic pathway for recycling back to the 
plasma membrane. The dye is finally transported to the vacuole resulting in labeling of 
the vacuolar membrane. In contrast, labeling of the tonoplast by the fusion proteins was 
not observed. However, transport of the fusion proteins to the vacuole in terms of 
degradation is suggested as cells were observed that contained soluble GFP within the 
vacuole (Fig. 23). Additionally, immunoblotting detected GFP cleaved from the fusion 
partner (Fig. 22). Although, it cannot be concluded whether this degradation occurs 
after endocytosis of the fusion proteins or by direct targeting to the vacuole by the Golgi 
(Barrieu and Chrispeels, 1999). 
Interestingly, some of the non-overlapping vesicles and endosomes were 
observed very close to each other, showing a yellow overlapping shared part (see the 
overlay image in the upper panel of Fig. 25). This might reflect fusing endosomal 
compartments or sorting from late endosomal compartments. It may also be indicative 
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of some maintenance of membrane subdomains with distinct components within the 
endosomal compartments. 
Table 4 Endosomal proportion of GFP containing vesicles in transgenic cells expressing pIgRwt-
GFP and pIgRmut-GFP (for detailed count results see appendix B) 
cell line endosomal percentage (%) cells analyzed (n) 
pIgRwt-GFP 31.7 43 
pIgRmut-GFP 17.2 38 
 
In addition to native transgenic cells also protoplasts of the corresponding cell lines 
were incubated with FM4-64 to label endosomes and imaged. Protoplastation results in 
membrane restructuring and therefore may have a great impact on endocytosis. As the 
dimerization assay (3.2.3.5) was performed with protoplasts, evaluation of endosomes 
in protoplasts compared to native cells was a prerequisite. As visualized in Fig. 26, the 
confocal images of both transgenic cell lines showed vesicle populations comparable to 
native cells. Overlay of the confocal images showed pIgRwt-GFP/pIgRmut-GFP 
vesicles and endosomes labeled with FM4-64 as well as colocalization of both.  
Results  61 
 
 
 
Fig. 26 Endosome labeling in a pIgRwt-GFP and pIgRmut-GFP protoplast 
The single confocal sections shows the localization of vesicles containing the GFP fusion 
protein (green) and endosomes labeled with FM4-64 (red). The yellow overlay in the merged 
images indicates colocalization. The upper panel shows a confocal section of a pIgRwt-GFP 
expressing protoplast (2.4.6) taken directly beneath the cell surface (2.4.4, 2.4.5). The lower 
panel shows a confocal section of a pIgRmut-GFP expressing protoplast through the central 
region of the cell. Scale bars = 10 µm 
3.2.3.4 JIM84 staining 
To reach the plasma membrane, the fusion protein has to pass the secretory pathway. 
The presence of pIgRwt-GFP containing vesicles that could not be labeled with the 
endosomal marker FM4-64 suggested that the fusion protein might be present in the 
Golgi. To proof the Golgi localization, immunocytochemistry (2.4.8) with the Golgi 
marker JIM84 (Evans et al., 1997) was performed. The pIgRwt-GFP fusion protein was 
additionally detected by a monoclonal anti-GFP antibody, as the fixation procedure for 
immunocytochemistry lead to fading of the GFP fluorescence. 
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Fig. 27 Colocalization of pIgRwt-GFP with the Golgi marker JIM84 
Transgenic protoplasts (2.4.6) expressing pIgRwt-GFP were processed for immunofluorescence 
(2.4.8) and analyzed by confocal laser scanning microscopy (2.4.5) to detect the extend of 
colocalization of pIgRwt-GFP fluorescence (green) and the Golgi marker JIM84 (red). Fixed 
protoplasts were incubated with mc mouse αGFP and JIM84 and secondary detected with 
Alexa 488 goat anti-mouse and Alexa 568 goat anti-rat (2.4.8). Scale bar = 10µm 
As presented in Fig. 27, colocalization of pIgRwt-GFP with the Golgi marker JIM84 
verified the presence of the fusion protein within the Golgi marked by the yellow 
overlay. A distinct population of pIgRwt-GFP vesicles did not overlap with the Golgi 
labeling. This is in accordance with Fig. 25 and Fig. 26  that verified that the fusion 
protein is also localized in endosomes. 
3.2.3.5 Dimerization Assay 
Singer et al. (1998) demonstrated that dimerization of the pIgR is necessary for 
internalization and following transcytosis. In vivo the dimerization is caused by binding 
of the natural ligand dIgA. As suggested by this work, the pIgR endocytosis signal as 
well as targeting information is recognized in plant cells. This poses the question if 
dimerization of the pIgR is also correctly processed in plant cells. As transcytosis 
measurements cannot be performed in BY-2 suspension cells comparable to mammalian 
epithelial trans-well tissue culture systems, the endocytosis rate was measured by 
endosome counting based on the assumption that increase in transcytosis correlates with 
increase in endocytosis. 
To detect differences in endocytosis rate for both constructs after dimerization, 
the two fusion constructs were incubated with an artificial ligand and vesicle number 
before and after incubation was counted. A monoclonal anti-GFP antibody was used as 
artificial ligand to promote dimerization of the fusion constructs. This required the use 
of protoplasts for this assay, because antibody molecules are too large to cross the plant 
cell wall. As demonstrated in the mannitol uptake assays (Fig. 44) and by (Bahaji et al., 
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2003), osmotic stress has a great impact on endocytosis. Therefore, all experiments 
regarding the differences in endocytosis of pIgRwt-GFP and pIgRmut-GFP had to be 
performed in constant osmotic conditions to prevent changes in endocytosis behavior of 
the cells, especially when protoplasts are used. Over night recovered protoplasts of 
pIgRwt-GFP and pIgRmut-GFP cells were incubated with 1 mg/ml mc anti-GFP JL8 
antibody (2.4.7) for 150 min and imaged with confocal laser scanning microscopy 
before and after the incubation. To acquire confocal sections that showed mainly 
cytoplasm with vesicles and to avoid sectioning of the vacuolar lumen, confocal 
sections were taken directly beneath the cell surface (Fig. 28). Fluorescent vesicles per 
individual cell sections were analyzed by semi-automated image analysis (Fig. 29) and 
the amount of vesicles per µm3 cytoplasm was calculated (2.4.7). After incubation with 
the antibody, one aliquot of cells was fixed and incubated with goat anti-mouse Alexa 
568 to detect the endocytosed antibody (Fig. 30). 
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Fig. 28 Incubation of pIgRwt-GFP and pIgRmut-GFP expressing protoplasts with ligand 
The montage displays single confocal sections through the peripheral cytoplasm of pIgRwt-GFP 
(A,C) and pIgRmut-GFP (B,D) expressing BY-2 protoplasts (2.4.6). A and B show sections of 
untreated protoplasts, C and C show cell sections after 150 min incubation with anti-GFP 
(2.4.7). Scale bars = 10 µm 
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Fig. 29 Semi-automated vesicle quantification 
The images demonstrate the procedure for quantification of fluorescent vesicles in protoplasts 
(2.4.5, 2.4.6, 2.4.7). The proto-plast area in single confocal sections (A) was defined (B) and the 
pixel intensity of the displayed vesicles was thresholded (marked with red) for subsequent 
automated particle counting in the respective area. 
 
     
Fig. 30 Alexa 568 staining of endocytosed GFP antibody 
The images show a confocal section demonstrating the secondary detection of the endocytosed 
GFP antibody by goat anti-mouse Alexa 568 (right) after fixation (2.4.8). The weak GFP 
fluorescence of the fusion protein after fixation is demonstrated in the left image. Scale 
bars = 5 µm 
 
To calculate differences in endosome number after dimerization, all vesicles per cell 
image were counted and used for the calculation of vesicles per µm3 cytoplasm (2.4.7). 
As presented in Table 4, about two thirds of the vesicles in the transgenic cells are not 
of endosomal origin. For this assay it was assumed, that the number of secretory 
vesicles and Golgi does not change throughout the experiment and was regarded as 
background. Nevertheless, the larger proportion of vesicles consists of non-endosomal 
vesicles. This blurs the evaluation of pIgR dimerization by vesicle counting. In Fig. 31 
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the results of the dimerization assay for both constructs is presented. Incubation with an 
anti-GFP antibody as artificial ligand for receptor dimerization did not cause a 
significant increase in endosome number (p = 0.69 for pIgRwt-GFP, p = 0.15 for 
pIgRmut-GFP). The results suggest that dimerization of the receptor does not increase 
endocytosis of the receptor. On the other hand it may be possible that the previously 
observed increase in transcytosis in mammalian cells (Singer and Mostov, 1998) results 
of a shift in sorting of the endocytosed receptor from the basolateral recycling 
compartment towards transcytosis to the apical membrane. In this case, an effect of 
dimerization of the receptor in plant cells would be hard to detect by means of 
endosome number. 
Nevertheless, the average amount of vesicles per µm3 in both constructs is 
noticeable. The pIgRmut-GFP expressing protoplasts show 50% less vesicles compared 
to protoplasts expressing the wild-type construct. This is in accordance to 3.2.3.3 and 
further supports that the endocytosis signal in pIgR is recognized in plants and leads to 
increased endocytosis compared to the mutated endocytosis signal.  
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Fig. 31 Vesicle number before and after ligand treatment 
The bars represent the average of vesicles per µm3 cytoplasm before and after incubation with 
anti-GFP in pIgRwt-GFP and pIgRmut-GFP protoplasts (2.4.7).  pIgRwt-GFP n = 57; pIgRwt-
GFP + anti-GFP n = 39; pIgRmut-GFP n = 36; pIgRmut-GFP + anti-GFP n = 34.  
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3.2.4 Ve-GFP 
3.2.4.1 Cloning of Ve2-GFP  
Ve2 cDNA was amplified by PCR (2.2.6.2) with primers introducing a 5’-BspHI and 
3’-NotI site for following integration into pTRA-MCS (Fig. 32). The vector pTRA-
MCS contains the CMV 35SS promotor with tobacco etch virus 5’-UT as well as the 
CMV pA35S poly-adenylation signal flanking the insert for expression in plant cells 
(Fig. 2). The BspHI site was overlapping with the start codon of Ve2 and therefore 
already partly contained in the Ve2 cDNA. As the restriction enzymes BspHI and NcoI 
produce compatible cohesive ends, the PCR product was ligated into the NcoI/NotI sites 
of pTRA-MCS after digestion resulting in pTRA-Ve2-MCS*. 
  
5‘ 3‘
NcoI NotI, BamHI, XbaI
pTRA-MCS
5‘ 3‘
Ve2 Rev
Ve2 Fw
Ve2
pBluescript-Ve2
PCR
BspHI NotI
Ve2
5‘ 3‘
restriction with NcoI, Not I
purification of the vector
restriction with BspHI, NotI
purification of the Ve2 fragment
Ligation
pTRA-Ve2-MCS*
NotI
5‘ 3‘
BamHI, XbaI
Ve2
 
Fig. 32  Cloning strategy for preparation of pTRA-Ve2-MCS 
 
Complete sequencing of the original pBluescript constructs containing the Ve2 and 
Ve2mut cDNA by primer walking (Seqlab, Göttingen) revealed, that both cDNAs 
contained a deletion mutation. A thymidine at position 1201 was missing in both 
constructs. This frame shift resulted in a premature in-frame stop codon 35 bp 
downstream of the mutation. The missing base was reintroduced into pTRA-Ve2-MCS 
by site-directed mutagenesis PCR. For that purpose a 33 bp forward primer 
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complementary to bp 1184-1216 containing the additional T as a wobble base was 
generated. The reverse primer was complementary to bp 2263-2282. The resulting Ve2 
PCR fragment contained a XbaI and SalI restriction site unique in Ve2. The fragment 
with the reintroduced base was exchanged against the XbaI/SalI fragment in pTRA-
Ve2-MCS* in a triple-ligation with a SalI/XbaI fragment of pTRA-Ve2-MCS* because 
pTRA-Ve2-MCS* contained another XbaI site (Fig. 33). The successful introduction of 
thymidine by PCR mutagenesis was verified by sequencing of the critical region. 
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R1609
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Ve2
NotI
5‘ 3‘
BamHI, XbaI
Ve2
EcoRI XbaI SalI
PCR
XbaI SalI
Ve2 fragment
5‘ 3‘
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purification of the vector fragment
restriction with SalI, XbaI
purification of the small fragment
restriction with XbaI, SalI
purification of the Ve2 fragmentTriple Ligation
pTRA-Ve2-MCS (repaired)
NotI
5‘ 3‘
BamHI, XbaI
Ve2
pTRA-Ve2-MCS* pBluescript-Ve2
 
Fig. 33  Repair of Ve2 by site-directed mutagenesis 
 
The vector containing the intact Ve2 was used for a C-terminal fusion to GFP. A 
flexible, unstructured spacer region of 20 amino acids was inserted between the C-
terminus of GFP and the N-terminus of Ve2 allowing individual folding of the two 
proteins (Holst et al., 2001). This was achieved by three subsequent PCR steps of GFP 
(2.2.6.1) with three overlapping forward primers (Table 2), whereby the N-terminal 20 
amino acid linker (PAAAAAASAAAAAAWVPVAT) (Holst et al., 2001) with NotI 
site was added. Additionally, two reverse primers were used for addition of a C-terminal 
tag54 (Holzem et al., 2001) with BamHI site to GFP. After restriction with NotI and 
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BamHI the PCR fragment was ligated into the NotI/BamHI cut vector pTRA-Ve2-MCS 
containing the repaired Ve2 (Fig. 34). 
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Fig. 34  Cloning strategy for construction of pTRA-Ve2-GFP 
3.2.4.2 Cloning of Ve2mut-GFP 
Similar to cloning of pTRA-Ve2-MCS* the Ve2mut cDNA was amplified by PCR with the 
Ve2 primers adding a 5’ BspHI and 3’ NotI site. After restriction digestion the PCR 
fragment was ligated into the NcoI/NotI cut vector pTRA-MCS resulting in pTRA-Ve2mut-
MCS* (Fig. 35). This vector then contained the Ve2mut DNA with frame shift. Except the 
C-terminal endocytosis signal, the Ve2 and Ve2mut sequences are identical. Therefore, 
instead of performing another site-directed mutagenesis, the C-terminus of the repaired Ve2 
in the GFP fusion was exchanged against the Ve2mut C-terminus using the internal unique 
NcoI and NotI sites of pTRA-Ve2-GFP to generate pTRA-Ve2mut-GFP (Fig. 35). 
Successful cloning of Ve2mut-GFP was verified by sequencing. 
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Fig. 35 Cloning strategy for construction of pTRA-Ve2mut-GFP 
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3.2.4.3 Analysis of transgenic N. tabacum cv. BY-2 cells 
3.2.4.3.1 Immunoblot Analysis 
Cell extracts of the transgenic BY-2 suspension cultures were analyzed by immuno-
blotting for the intact fusion proteins. The intact Ve2-GFP and Ve2mut-GFP fusion 
protein could be successfully detected in both cell lines (Fig. 36). The fusion proteins 
have a calculated size of 154 kDa. The fact that the detected bands of the fusion proteins 
run at a higher position than the calculated size can be explained by glycosylation of the 
35 N-glycosylation sites of Ve2. To separate the high molecular weight marker bands 
properly for size estimation of the large fusion proteins, electrophoresis in an 8% SDS-
gel had to be performed until the small bands run out of the gel and detection of 
eventual low molecular weight degradation products was difficult. Therefore, cell 
extracts of all Ve2 fusion proteins were additionally separated on a pre-cast 4-20% Tris-
Glycin gradient gel (Invitrogen). The Immunoblot detection of the gradient gel 
separated proteins is presented in Fig. 40. The gradient gel blot also showed an 
additional band around 27 kDa. As this is within the size of GFP, it suggests that some 
degradation occurs within the cells where GFP is cleaved off. 
 
Fig. 36 Immunoblot of Ve2-GFP and Ve2mut-GFP 
20 µl cell extract (2.3.1) were loaded onto a 8% SDS-PAA gel, separated by gel electrophoresis 
(2.3.2) and blotted onto a nitrocellulose membrane (2.3.3). Ve2-GFP and Ve2mut-GFP were 
detected with mAb JL-8 anti-GFP 1:2000 and AP-labeled goat anti-mouse Fc mAb 1:5000 by 
development with NBT/BCIP.  
3.2.4.3.2 Confocal Microscopy Analysis 
The transgenic BY-2 suspension cell cultures expressing Ve2-GFP and Ve2mut-GFP 
were analyzed by confocal laser scanning microscopy for the localization of the fusion 
protein (2.4.5). As shown in Fig. 37, both cell lines showed a strong GFP fluorescence 
in the ER and the perinuclear region comparable to the ER localization control construct 
(Fig. 13). No labeling of the plasma membrane or other cellular structures was 
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observed. Ve2 and its mutant conclude with the residues KKF. It has been shown that 
the C-terminal dilysine motif confers ER localization in plants. The fusion proteins were 
originally generated to evaluate the effect of the putative endocytosis signal in Ve2 on 
endocytosis. The fact that the proteins were located in the ER disabled their purpose as 
tools for endocytosis studies in plant cells. Therefore, additional fusion proteins of Ve2 
and the mutant version to GFP were generated, where the residues KKF were removed 
so that a further transport in the default pathway to the plasma membrane could be 
expected (3.2.5). 
     
Fig. 37 Transgenic BY-2 cells expressing Ve2-GFP and Ve2mut-GFP 
A 3D reconstruction of a 16 µm deep confocal z section showing a transgenic BY-2 cell 
expressing Ve2-GFP (2.4.5). B 3D reconstruction of a 30 µm deep confocal z section showing a 
transgenic BY-2 expressing Ve2mut-GFP. Scale bars = 10 µm 
 
3.2.4.4 Confocal microscopy analysis of transgenic N. tabacum cv. Petite Havana 
SR1 plants 
For each construct ten stable transformed N. tabacum cv. Petite Havana SR1 plants 
were recovered in soil. Out of the ten plants expressing Ve2-GFP only three plants 
showed expression at a level suitable for imaging. From the Ve2mut-GFP expressing 
plants four were appropriate for imaging. As shown in Fig. 38A the fusion protein 
showed labeling of the ER network and the perinuclear region corresponding to the 
transgenic BY-2 cell lines. Fig. 38B shows a 3D reconstruction of sections directly 
beneath the cell surface showing the fine ER network in the cell cytoplasm. 
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Fig. 38 Localization of Ve2-GFP and Ve2mut-GFP in transgenic N. tabacum cv. Petite Havana SR1 
plant leaf epidermis 
A 3D reconstruction of a12 µm deep confocal z section of epidermis cells of a transgenic N. 
tabacum plant expressing Ve2-GFP (2.4.5). B 3D reconstruction of a 8 µm deep confocal z 
section through epidermal cells of a transgenic N. tabacum plant expressing Ve2mut-GFP. 
Scale bars = 10 µm  
 
3.2.5 Ve2∆KKF-GFP 
3.2.5.1 Cloning of Ve2∆KKF-GFP and Ve2mut∆KKF-GFP 
In order to remove the last three amino acids of Ve2 and Ve2mut a PCR of the repaired 
genes was performed with a reverse primer complementary to the last 21 base pairs 
before the KKF signal sequence and NotI site as overhang and Ve2-Fw (Table 2) The 
NcoI/NotI digested Ve2 and Ve2mut fragment was ligated into NcoI/NotI cut vector 
pTRA-Ve2-GFP (Fig. 39). The successful cloning of pTRA-Ve2∆KKF-GFP and 
pTRA-Ve2mut∆KKF-GFP was verified by sequencing. 
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Fig. 39 Cloning strategy for construction of pTRA-Ve2∆KKF-GFP and pTRA-Ve2mut∆KKF-GFP 
 
3.2.5.2 Analysis of transgenic N. tabacum cv. BY-2 cells 
3.2.5.2.1 Immunoblot Analysis 
Cell extracts of the transgenic BY-2 cell lines expressing Ve2∆KKF-GFP and 
Ve2mut∆KKF-GFP were analyzed by immunoblotting (2.3.3). To achieve a more even 
size separation of the proteins, a pre-cast 4-20% Tris-Glycine SDS-gel (Invitrogen) was 
used. Additionally, also extracts of transgenic BY-2 cell lines expressing Ve2-GFP and 
Ve2mut-GFP were loaded onto the gradient gel for following immunoblotting to 
directly compare the sizes of the different constructs. As presented in Fig. 40, all fusion 
proteins were detected at comparable molecular weights. For all constructs a 
degradation product was detected around 27 kDa, the size of GFP alone. This suggests 
that GFP is cleaved from the fusion partner to some extend. 
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Fig. 40 Immunoblot of all Ve2 constructs 
20 µl cell extract (2.3.1) were loaded onto a 4-20% Tris-Glycine gradient gel, separated by gel-
electrophoresis (2.3.2) and blotted onto a nitrocellulose membrane (2.3.3). The fusion proteins 
were detected with mab JL-8 anti-GFP 1:2000 and AP-labeled goat anti-mouse Fc mab 1:5000 
by development with NBT/BCIP.  
3.2.5.2.2  Confocal Microscopy 
Transgenic BY-2 cells expressing Ve2∆KKF-GFP and Ve2mut∆KKF-GFP were 
analyzed by confocal laser scanning microscopy (2.4.5). Unexpectedly, as shown in Fig. 
41, the cells expressing the constructs without KKF signal still showed ER localization 
of the fusion proteins. However, in contrast to the previous constructs with the ER 
retention signal (3.2.4.3) also some Golgi vesicles were visible as marked by the arrows 
in Fig. 41. The Golgi vesicles were always in close proximity to the ER network. The 
localization of the fusion proteins within the ER also without the terminal residues KKF 
disqualified those constructs for further studies on endocytosis. 
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Fig. 41  Localization Ve2∆KKF-GFP and Ve2mut∆KKF-GFP in transgenic BY-2 cells 
A 3D projection image of a 4 µm deep confocal z section of BY-2 cells expressing Ve2∆KKF-
GFP (2.4.5). B 3D projection image of a 8 µm deep confocal z section of BY-2 cells expressing 
Ve2mut∆KKF-GFP. The arrows mark individual Golgi vesicles adjacent to the ER network. 
Scale bars = 10 µm 
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3.3 Development and application of an assay for quantitative 
measurement of endocytosis in plant cells 
The aim of this work was to develop an assay for measuring endocytosis in plants. 
Studying endocytosis in plant cells is mostly hindered by the plant cell wall that 
excludes most markers. Therefore, instead of using a specific marker, endocytosis was 
quantitatively measured by uptake of a plasma membrane-coupled dye. By choosing a 
dye appropriate for the intended assay, some prerequisites have to be met. The dye has 
to be: 
• small enough to cross the cell wall 
• soluble in the plant medium 
• brightly fluorescent 
• pH and environment insensitive. 
Additionally, as cell biological criteria, the dye has to show a temperature dependent 
uptake as endocytosis ceases at 4 °C. That means that the dye has to be limited to the 
plasma membrane at 4 °C and leads to internal labeling when the temperature is raised 
to the cell incubation temperature. Those criteria were best met by the styryl dye 
FM1-43 that integrates into the plasma membrane (Emans et al., 2002).  
FM1-43  
• is cell wall permeable 
• is non-toxic 
• is soluble 
• is non-fluorescent until membrane bound 
• is bright, stable fluorescent after integration into the membrane 
• can be washed in and out of plant cell membranes so that internalized dye can 
specifically be revealed. 
For the Uptake Assay, FM1-43 was implanted into the plasma membrane of BY-2 cells 
and after internalization incubation residual dye in the plasma membrane was washed 
out. Internalized dye was quantified by measurement of the cell fluorescence intensity 
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(2.4.9). The Uptake Assay provides general information about endocytosis and plasma 
membrane turnover in plants. Furthermore, this assay allows to screen pharmacological 
agents with known targets on their influence on plant endocytosis to gain information 
about pathways, mechanisms and proteins involved in plant endocytosis.  
3.3.1 Uptake Assay 
To set up the uptake assay, the growth and endocytosis characteristics of BY-2 cells 
during a cultivation cycle were investigated first. One entire cultivation cycle is one 
week and cell age is defined as the time of culture from dilution into new media 
(splitting). The BY-2 growth rate was estimated by measurement of the cell packed 
weight in 100 ml cell suspension. Additionally, the endocytic activity of the cells was 
measured (Fig. 42). Three phases can be separated within one cultivation cycle. Day 1 
to day 3 is the lag phase of the growth cycle whereas day 4 to day 6 resembles the log 
phase with exponential growth. After day 7 the cells are in stationary phase where little 
growth occurs and the cells are diluted into fresh medium to start a new growth cycle. 
Measurement of the endocytic activity showed a strong dependence on the growth state 
(Fig. 42). The cells showed the highest endocytic activity at the beginning of the growth 
phase on day 3 and 4. Endocytosis dramatically decreased at the end of the cultivation 
cycle. The decrease in endocytosis rate is more clearly depicted in Fig. 43, where the 
fluorescence intensity of the cells shown in Fig. 42 is divided by the corresponding cell 
packed weight. As a result of the growth cycle dependent endocytic activity, uptake 
assays were only performed with three and four day old cells. To determine intrinsic 
variations in fluorescence intensity of the assay, control uptake assays were performed 
with untreated cells. Analysis of the fluorescence intensities showed variations in 
fluorescence intensity of up to 10% within the control samples. This 10% range sets the 
detection limit for the uptake assay. Compounds to test that promote small changes in 
uptake within this 10% change range cannot be significantly detected. 
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Fig. 42 BY-2 cell culture growth curve and endocytic activity 
The cell packed weight in 100 ml BY-2 suspension culture was determined from day three to 
day seven of the cultivation cycle (left, 2.4.9). For corresponding endocytic activity 
measurement of the suspension culture, the packed cells were 1:8 diluted with medium. After 
one hour incubation with 6 µM FM1-43 the cells were washed and the fluorescence intensity of 
the internalized dye was measured (right, 2.4.9). 
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Fig. 43 Relative endocytic activity of BY-2 cells during the growth cycle 
The graph depicts the relative fluorescence intensity in relation to the cell packed weight 
throughout the growth cycle (2.4.9). 
Mannitol 
Osmolarity is a known factor influencing endocytosis in plant cells (Horn et al., 1992). 
To quantify endocytosis in respect to osmolarity changes, uptake assays with different 
concentrations of mannitol in the incubation medium were performed (n = 2). This 
should also provide valuable information about optimal conditions for endocytosis 
experiments with BY2 protoplasts (3.2.3.5). Endocytosis showed a biphasic response in 
dependency on osmolarity (Fig. 44). Uptake was maximal at 0.4 M mannitol – which 
corresponds to 400 mosm/l – slightly above the osmotic strength of the regular growth 
medium that is around 300 mosm/l. Higher or lower osmotic strength inhibited uptake. 
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Therefore, experiments regarding endocytosis have to be performed under fixed osmotic 
conditions to avoid artifacts. 
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Fig. 44 Dependence of endocytosis on osmolarity 
The graph depicts the percentage changes in fluorescence intensity compared to control cells 
after 90 min incubation with 0.2-0.7 M mannitol (2.4.9). 
3.3.2 Compound Testing 
Brefeldin A 
Brefeldin A (BFA) is a fungal toxin and inhibits recruitment of coat proteins (COPI) for 
vesicle budding from the Golgi by interaction with ARF-GEFs (ADP-ribosylation factor 
G protein) and therefore Golgi transport and secretion. It has slightly different effects in 
plants compared to mammals (see 4.2.1). Generally it is supposed to inhibit exocytosis 
while allowing endocytosis. As demonstrated in Fig. 45, treatment with BFA and 
15 µM FM1-43 resulted in a strong increase in fluorescence intensity (p = 1.35*10-11), 
which has been reported before (Emans et al., 2002). 
The uptake assay results suggest that in addition to Golgi-vesicle budding also 
budding steps from endosomal compartments are inhibited. The inhibition of exocytosis 
in the presence of continued endocytosis prevents recycling of vesicles to the plasma 
membrane as well as transport to the vacuole. The resulting net accumulation of 
endosomal vesicles labeled with FM1-43 causes the increase in fluorescence intensity. 
The accumulation of vesicles and blocking of further transport to the vacuole was 
confirmed by microscopical observation of treated cells. The BFA uptake assay was 
also repeated with less dye in the uptake incubation. Surprisingly, BFA titrations with 
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5 µM FM1-43 showed a strong decrease in fluorescence intensity in contrast to the 
previous experiments with 15-20 µM FM1-43 (Fig. 46). The results of the uptake assays 
with less dye suggest that there exists an additional effect of BFA in plants that has not 
been described before. Besides blocking recycling and Golgi-based secretion, BFA also 
seems to inhibit endocytosis to a small extend. This is in contrast to the current view 
that BFA primarily affects the Golgi apparatus (Nebenfuhr et al., 2002). When high dye 
concentrations are used, this effect is overlaid by the strong fluorescence of 
accumulating vesicles saturated with dye. Furthermore it cannot be excluded that fluid-
phase endocytosed dye reaches the “BFA compartment” and contributes to the 
fluorescence signal after integration into the vesicle membrane. With low dye 
concentrations the slight decrease in endocytosis rate has a proportional higher effect, as 
the amount of dye contained in the vesicle membranes reaching the BFA compartment 
is not sufficient to overcome the decreased uptake.  
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Fig. 45 Brefeldin A effect on endocytosis of 15 µM FM1-43 
The graph depicts the percentage increase in fluorescence intensity compared to control cells after 90 min 
treatment with 50 µg/ml (n = 11) and 100 µg/ml (n = 14) BFA and 15 µM FM1-43 (2.4.9). 
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Fig. 46 Brefeldin A titration with 5 µM FM1-43 
Titration of 1-200 µg/ml BFA (2.4.9) in the presence of 5 µM FM1-43 (n = 4). 
 
Latrunculin B 
Latrunculin B is another microfilament disrupting drug. It was used at concentrations 
from 0.1 µM to 10 µM. As shown in Fig. 47 the results of the uptake assays were 
inconsistent and did not show a significant effect (p = 0,58 for 0.1 µM and 1 µM; p = 
0,93 for 10 µM Lat B). 
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Fig. 47 Latrunculin B effect on uptake 
The graph depicts the percentage change in fluorescence intensity after 90 min uptake 
incubation with 0.1 (n = 3), 1 (n = 9) and 10 µM (n = 9) Latrunculin B (2.4.9). 
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Cytochalasin D 
Cytochalasin D is an actin microfilament disrupting drug and was tested in 
concentrations ranging from 1-10 µM. Slight effects on uptake were observed at 10 and 
50 µM (Fig. 48). The changes are very close to the range of the detection limit of the 
uptake assay and display high standard deviations. Therefore, significant effects on 
endocytosis are hard to detect with the uptake assay. In contrast to Latrunculin B, 
Cytochalasin D seems to inhibit endocytosis slightly. As only three uptake assays were 
performed, the accuracy of the fluorescence intensity change may eventually increase 
with more repetitions. 
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Fig. 48 Reduction of endocytosis by Cytochalasin D 
The graph depicts the percentage decrease in fluorescence intensity compared to control cells 
(2.4.9) after 90 min treatment with different Cytochalasin D concentrations (n = 3). 
 
Bafilomycin 
Bafilomycin is a specific inhibitor of vacuolar-type H+-ATPase and it is known that 
endosomal acidification is required for protein transport within the pathway. As shown 
in Fig. 49, the standard deviation of the experiments is very high and the variations in 
fluorescence intensity are within a 10% range observed for uptake assays performed 
with controls without compound treatment. A significant effect of Bafilomycin was not 
detected (p = 0.70).  
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Fig. 49 Bafilomycin effect in uptake assays 
The graph depicts the percentage change in fluorescence intensity after 90 min uptake 
incubation (2.4.9) with three different concentrations of Bafilomycin (n = 12). 
 
Butanedionemonoxime (BDM) 
BDM has been shown to inhibit non-muscle myosin II and blocks ATP-sensitive K+ 
channels. It also has a broad effect on many uncharacterized non-myosin proteins. It 
therefore might also affect endosome transport in the cell and was tested in uptake 
assays. As presented in Fig. 50 it seemed to increase endocytosis slightly. As the 
standard deviation shows, the results of the assays with BDM were fluctuating. Similar 
to Bafilomycin, a possible effect of BDM may be overlaid by the intrinsic fluctuations 
of the assay. A significant effect of BDM was not observed (p = 0,21). 
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Fig. 50 Butanedionemonoxime effect on uptake assays 
The graph depicts the percentage increase in fluorescence intensity after 90 min uptake 
incubation (2.4.9) with 1-50 µM BDM (n = 10). 
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Aluminum 
Aluminum has a neurotoxic effect and is implicated in neuropathological disorders like 
Alzheimer’s disease, Parkinson’s disease, Dementia complex of Guam etc. Several 
theories about the mechanistic action of aluminum exist, but none has been proven yet. 
Aluminum is also toxic to plants but also there, efforts to elucidate its effect have 
focused on describing toxicity symptoms. The uptake assays offered the possibility to 
test, whether aluminum may have some general influence on endocytosis. Aluminum 
was tested at a single concentration of 90 µM. The uptake assays did not show any 
effect on uptake in the assays (Fig. 51). 
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Fig. 51 Aluminum Uptake Assay Result 
The graph shows the result of seven uptake assays with incubation for 90 min (2.4.9) with 90 
µM Aluminium (n = 7). 
Results  86 
 
Apigenin 
Apigenin is an inhibitor of MAP kinase. MAPKs are involved in the dynamic 
organization of the actin cytoskeleton and polarization of cell growth. In plants they 
have been implemented in targeted vesicle trafficking and play a crucial role in root hair 
tip growth (Samaj et al., 2002). Apigenin was tested in uptake assays at a single 
concentration of 100 µM. Apigenin treatment lead to a significant (p = 0.0007) 
reduction of fluorescence intensity compared to control cells of about 20% (Fig. 52). 
This result suggests an involvement of MAP kinases in endocytosis. 
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Fig. 52 Apigenin Uptake Assay Result 
The graph depicts the result of seven uptake assays with incubation for 90 min (2.4.9) with 100 
µM Apigenin (n = 7). 
 
 
UO126 
UO126 is an inhibitor of MAP kinases. Treatment with UO126 confirmed the decrease 
in uptake after MAPK inhibition observed with Apigenin (Fig. 52, Fig. 53). UO126 was 
used at 10, 100 and 200 µM whereby 100 µM showed maximal inhibition of uptake up 
to 40% and seems to be the optimal concentration for inhibition of endocytosis in 
uptake assays. 
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Fig. 53 UO126 Uptake Assay Result 
The graph depicts the percentage change in fluorescence intensity after 90 min uptake 
incubation with 10 µM (n = 5), 100 µM (n = 5) and 200 µM (n = 3) UO126 (2.4.9). 
 
3-Nitrophenylboronic acid (NBA) 
NBA is an inhibitor of RGII pectin cross-linking. It did not show a specific effect in 
uptake assays. 
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Fig. 54 NBA Uptake Assay Result 
The graph depicts the result of 90 min incubation with 10 µM (n = 11) and 100 µM (n = 7) NBA 
for 90 min on fluorescence intensity compared to control cells (2.4.9). 
 
Taken together, the uptake assays showed a strong effect of the fungal toxin BFA on 
endocytosis and membrane recycling. Inhibition of membrane uptake was detected in 
uptake assays with MAP kinase inhibitors. Actin microfilament disrupting drugs in 
contrast did not show a significant effect on membrane uptake. A summary of the 
uptake assay results is presented in Table 5. 
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Table 5 Effects of compounds tested in uptake assays on endocytosis 
compound action effect on endocytosis rate 
brefeldin A fungal toxin, inhibits vesicle budding by 
interaction with ARF-GEFs 
vesicle accumulation within 
the cell and inhibition of 
endocytosis 
latrunculin B disruption of microfilaments inconsistent results, no 
significant effect 
cytochalasin D disruption of microfilaments slight inhibition of endocytosis 
but not significant because 
close to the detection limit of 
the uptake assays 
bafilomycin inhibitor of vacuolar-type H
+ -ATPase no effect 
BDM inhibitor of non-muscle myosin II,  
blocking of ATP-sensitive K+ channels, 
broad effect on many uncharacterized non-
myosin proteins 
no effect 
aluminum neurotoxic effects, implicated in 
neurophathological disorders 
no effect 
apigenin inhibitor of MAP kinases 20% decrease 
UO126 inhibitor of MAP kinases up to 40% decrease 
NBA inhibitor of RGII pectin cross-linking no effect 
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3.3.3 Auxins and Polar Auxin Transport Inhibitors 
Inhibitors of polarized auxin transport 
Triiodobenzoic acid (TIBA) 
O
OJ
J
J  
TIBA is an inhibitor of polar auxin transport in plants and a weak auxin itself (Depta 
and Rubery, 1984). Until recently it was supposed to directly block auxin efflux carrier. 
Lately it has been shown that it acts indirectly by blocking the membrane cycling of the 
efflux carrier PIN1 (Geldner et al., 2001). As presented in Fig. 55, TIBA inhibited 
uptake up to 65% at 100 µM. These results suggest that TIBA is not only influencing 
polar auxin transport but generally interferes with membrane transport processes. As it 
could be observed by microscopic observation of treated cells, TIBA also leads to a 
complete loss of vacuolar membrane structure in a way that trans-vacuolar strands 
vanished. Benzoic acid is the inactive analogue for TIBA and was used as negative 
control. It did not show any effects on uptake.  
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Fig. 55 TIBA Uptake Assay Result 
The graph depicts the percentage decrease in fluorescence intensity compared to control cells 
after 90 min uptake incubation (2.4.9) with 1-100 µM TIBA (n = 4). 
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To test the hypothesis that TIBA acts in an early state of endocytosis instead of 
speeding up recycling, combination uptake assays with BFA were done (Fig. 56). In this 
case the samples were pre-incubated for 30 min with TIBA before BFA was added. The 
combination assay confirmed the inhibition of uptake by TIBA. BFA alone leads to 
increased fluorescence intensities by accumulation of endosomal vesicles. With TIBA 
pre-treatment the generation of those vesicles is blocked so that BFA cannot show any 
effect. As shown with the BFA uptake assays, BFA seems to have the additional effect 
of inhibiting endocytosis slightly. The observation that TIBA and BFA co-treatment 
leads to an even higher decrease in fluorescence intensity suggests that TIBA and BFA 
might act on different targets in respect to membrane uptake. 
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Fig. 56 BFA Uptake Assay combined with TIBA pretreatment 
The graph shows the percentage change in fluorescence intensity compared to control cells 
after 90 min incubation (2.4.9) with 50 µM TIBA and 50/100 µg/ml BFA alone as well as 90 min 
incubation with BFA after 30 min pretreatment with 50 µM TIBA (n = 3). 
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Naphtylphtalamic acid (NPA) 
N H
O
OH
O
 
NPA is an auxin efflux carrier inhibitor whose mechanism of inhibition is unknown. As 
TIBA showed a strong effect on uptake, it was of interest to test another auxin inhibitor 
in uptake assays to evaluate whether a similar effect is observed. NPA was tested at 
concentrations ranging from 1 µM to 200 µM. Surprisingly, NPA showed a 
concentration dependent reversing effect on uptake (Fig. 57). At lower concentrations it 
seems to stimulate uptake whereas at higher concentrations it has an inhibitory effect. 
The high standard deviation at 150 µM NPA is a result of the small test number. For 
NPA only two uptake assays were performed. With low test numbers outlier values 
consequently have higher effects. The fact that a concentration dependent effect was 
detected only with two uptake assays is a strong indicator for an effect of NPA on 
endocytosis. This effect could be caused by NPA directly or eventually indirectly by 
altering the intracellular auxin concentration. Therefore, to evaluate whether auxins 
have a direct effect on membrane uptake, uptake assays with different auxins were 
performed.  
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Fig. 57 NPA Uptake Assay Result 
The graph depicts the percentage change in fluorescence intensity compared to control cells 
after 90 min uptake incubation (2.4.9) with 1-200 µM NPA (n = 2). 
 
Auxins 
Auxin influx and efflux inhibitors showed to have an effect on endocytosis as demonstrated 
above. Usually those inhibitors promote their effect by changing the intracellular auxin 
concentration. This raised the question whether auxins can directly influence endocytosis. 
To evaluate this question, different auxins were examined in uptake assays. For all 
experiments with auxins 2,4-D free medium was used throughout the experiment. Initially, 
2,4-D uptake assays were also performed with cells grown over night in 2,4-D free medium. 
2,4-D uptake assays with cell cultures grown over night in medium with or without the 
regular 2,4-D concentration prior to testing did not show differences in the results of the 
performed uptake assays. Therefore, all further experiments were performed in 2,4-D free 
medium whereas cultivation of the cells prior to the uptake assays occurred in regular 
medium containing 2,4-D. To exclude any side effects of low test medium pH due to the 
acidic auxins, the medium was buffered with 20 mM MES, pH 5.7. 
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2,4-Dichlorophenoxy Acetic acid (2,4-D) 
O
Cl
Cl
O
O
 
2,4-D is a member of the phenoxy family of herbicides. It is the most widely used 
herbicide in the world. As it is an artificial auxin, it is also used in plant culture medium 
at 1 µM. 2,4-D is a preferential substrate for the auxin influx system. It was tested in 
uptake assays at concentrations of about 1-300 µM. As presented in Fig. 58, 2,4-D 
strongly inhibited uptake in a concentration dependent manner except at 1 µM. At 1 µM 
2,4-D did not show much effect whereas at higher concentrations it reduced uptake. At 
300 µM it reduced uptake up to 70% compared to control cells. The use of auxins as 
herbicides is based on the fact that while auxin promotes growth at low concentrations, 
at high concentrations it inhibits growth. This dose dependency is nicely reflected in the 
uptake assays and suggests a correlation between plant growth and endocytosis activity. 
To elucidate whether 2,4-D is able to prevent the BFA effect similar to TIBA 
(Fig. 56), combination assays were done. In this case, the cells were pretreated for 30 
min with 2,4-D before BFA was added. After incubation with both compounds for one 
hour, 10 µM dye was added and cells were incubated further for one hour to endocytose 
the dye. As demonstrated in Fig. 59, pre-incubation with 300 µM 2,4-D prevented the 
effect of increase in fluorescence intensity observed with 100 µg/ml BFA alone. The 
combination of 300 µM 2,4-D and BFA resulted in a decrease in fluorescence intensity 
comparable to treatment with 2,4-D alone. 
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Fig. 58 2,4-D Uptake Assay Result 
The graph depicts the percentage change in fluorescence intensity compared to control cells 
after 90 min uptake incubation (2.4.9) with 1-300 µM 2,4-D (n = 6). 
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Fig. 59 Results of Uptake Assays with combination of 2,4-D and BFA 
The graph depicts the percentage change in fluorescence intensity compared to control cells 
after 90 min incubation (2.4.9) with 300 µM 2,4-D, 100 µg/ml BFA and the combination of both 
(n = 2). In case of compound combination, the cells were pretreated for 30 min with 2,4-D 
before BFA was added (2.4.9).  
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Naphthalene Acetic acid (NAA) 
O
O
 
NAA is a derivative of the natural occurring auxin IAA. It was tested in concentrations 
corresponding to 2,4-D. NAA increased uptake at 1 µM whereas at 300 µM it decreased 
uptake up to 40% (Fig. 60). At intermediate concentrations from 50-200 µM it did not 
show a clear effect and produced very fluctuating results. 
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Fig. 60 NAA Uptake Assay Result 
The graph depicts the percentage change in fluorescence intensity compared to control cells 
after 90 min uptake incubation (2.4.9) with 1-300 µM NAA (n = 4). 
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Fig. 61 Results of Uptake Assays with combination of NAA and BFA 
The graph depicts the percentage change in fluorescence intensity compared to control cells 
after 90 min incubation (2.4.9) with 300 µM NAA, 100 µg/ml BFA and the combination of both (n 
= 3). In case of compound combination, the cells were preatreated for 30 min with NAA before 
BFA was added (2.4.9).  
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Indole Acetic acid (IAA) 
O
O
N  
IAA is a natural occurring auxin and was tested at the same concentrations as the 
artificial auxins. IAA did not show a clear-cut effect in uptake assays (Fig. 62). Only at 
the highest used concentration of 300 µM it showed an inhibitory effect on uptake. 
Surprisingly, an inhibitory effect was also visible in the intermediate concentration 
range at 100 µM. For IAA only five series of uptake assays were performed. To 
evaluate if this is a real effect, more assays would be required to get a statistically 
significant result. Nevertheless, the 20% reduction in fluorescence intensity compared to 
control cells was less prominent compared to the effect of the other tested auxins at 
comparable test numbers. 
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Fig. 62 IAA Uptake Assay Results 
The graph depicts the percentage change in fluorescence intensity compared to control cells 
after 90 min uptake incubation (2.4.9) with 1-300 µM IAA (n = 5). 
 
Taken together, the results of the uptake assays suggest that the polar auxin transport 
inhibitor TIBA has a strong inhibitory effect on membrane uptake. A concentration 
dependent reversing effect on uptake was also observed for the auxin efflux carrier 
inhibitor NPA. As inhibition of auxin carriers may involve secondary effects on 
endocytosis by altering auxin concentrations within the cells, also different auxins were 
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tested in uptake assays. The results of the auxin uptake assays suggest an influence of 
auxins on endocytic membrane turnover whereby the artificial auxin 2,4-D has the 
strongest effect followed by NAA. The natural auxin IAA shows a less drastic effect 
and does not reach the inhibition level of 2,4-D. The effects on membrane uptake of the 
tested auxin transport inhibitors and auxins are briefly summarized in Table 6. 
 
Table 6 Effects of auxins and auxin transport inhibitors on endocytosis 
compound action effect on endocytosis rate 
TIBA inhibitor of polar auxin transport in plants, 
weak auxin 
concentration dependent 
inhibition of endocytosis up to 
65% decrease 
NPA auxin efflux carrier inhibitor concentration dependent 
reversing effect, stimulation of 
endocytosis at low 
concentrations (1-25 µM), 
inhibition at higher 
concentrations (200 µM) 
2,4-D herbicide of the phenoxy family, 
artificial auxin 
inhibition of endocytosis in 
concentration dependent 
manner except at 1 µM 
NAA derivative of the natural occuring auxin IAA stimulation of endocytosis at 
1 µM, inhibition at 300 µM 
IAA natural occuring auxin inhibition of endocytosis only 
at high concentration (300 µM)
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4 Discussion 
The purpose of this study was to examine the regulation of endocytosis in plant cells, 
motivated by the growing interest in plant endocytosis as regulatory mechanism 
displaying the importance in plant growth and development. The study addressed 
endocytic transport from the cell surface, receptor fusion protein transport within the 
endocytic pathway and the structure and dynamics of the endocytic organelles in plant 
cells. With the BY-2 tobacco cell line as the model system, a combination of 
fluorescence, live cell imaging and molecular techniques were applied to this goal.  
In course of this work, endocytic membrane trafficking was analyzed by 
following approaches. Firstly, the membrane dynamics and structure of intracellular 
membranes were described in living cells using three-dimensional time-lapse (4D) 
imaging of fluorescently labeled vacuolar membranes. Additionally, vesicle traffic 
within moving trans-vacuolar strands was analyzed. Secondly, membrane traffic and 
internalization was studied via different GFP fusion constructs. GFP fused to the GPI-
anchored cell surface protein AtGPIP1 from A. thaliana allowed to visualize the 
secretory pathway in connection to membrane internalization of dye labeled plasma 
membrane. The fungal metabolite Brefeldin A (BFA) is known for its effects on Golgi 
structure, endocytic recycling and secretion in animal cells. Therefore, the role of BFA 
was assessed in plant cells, where it is well established that BFA blocks recycling from 
the endocytic machinery to the cell surface (Geldner et al., 2001; Emans et al., 2002). In 
AtGPIP1-GFP expressing cells, the effects of BFA on the secretory and endocytic 
pathway were imaged simultaneously and analyzed in the cellular context. By 
generation of artificial receptor constructs consisting of the intracellular part of the 
poly-Ig-receptor (pIgR) and GFP on the extracellular side, the proccessing of 
mammalian endocytosis and targeting signals contained in the pIgR tail were examined 
in plant cells. Analysis of transgenic cells expressing the pIgR constructs showed that 
the mammalian endocytosis signal is well recognized in plant cells. In addition to the 
artificial non-plant receptor with endocytosis signal, also a native plant receptor protein 
was intended for endocytosis studies. The amino acid sequence of the receptor-like Ve2 
protein from tomato containes a presumable endocytosis signal and was chosen for 
fusion to GFP. However, microscopical observation of transgenic cells revealed that the 
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generated Ve2-GFP fusion constructs were localized within the ER. Therefore, the 
endocytosis signal was irrelevant and suggests that sequence based prediction is not 
suitable for selecting a plant receptor for endocytosis studies. Thirdly, an assay was 
developed that quantifies membrane internalization in plant cells for screening of 
known compounds on their effects on endocytosis. The proof-of-principle of the assay 
was demonstrated by testing several compounds. Testing of BFA in the uptake assay 
confirmed the results obtained by microscopical analysis with the GPI-anchored fusion 
construct AtGPIP1-GFP. In addition to its role in Golgi-mediated secrection and 
endocytic recycling, it was found that BFA also had a role in endocytic uptake in this 
study. Given that it had been demonstrated that the polar auxin transport inhibitor 
triiodobenzioc acid (TIBA) impairs membrane internalization, the uptake assay was 
further used to test auxins and polar auxin transport inhibitors on their effect on 
endocytosis. TIBA as well as high concentrations of auxins such as 2,4-D and NAA 
showed inhibition of membrane internalization. This approach on auxin action indicated 
a possible mechanism of auxin transport regulation that has not been observed before 
and reminds of animal signaling systems involving endocytosis. 
4.1 Structure and Dynamics of BY-2 Vacuoles 
In this study, I used fluorescent membrane dyes to image vacuolar dynamics by time-
lapse confocal imaging. Three dimensional image reconstruction was used to examine 
the dynamics of trans-vacuolar strands (TVS) and double labeling to image endocytic 
vesicle transport within the TVS. Staining of the vacuolar membrane was obtained by 
using internalization of a membrane bound styryl dye, which reached the tonoplast by 
endocytic uptake (Ueda et al., 2001; Emans et al., 2002). It could be used for long term 
labeling, had no apparent effect on cell growth or division and after division it remained 
within the daughter cell vacuoles. This result implies that the transport to the vacuole is 
the default pathway in plant endocytosis. 
Strand and bolus movement 
Real-time observation of TVS showed that the vacuole is constantly remodeled by 
movement of TVS along each other. TVS serve as cargo channels for cytoplasm, 
organelles and vesicles connecting the peripheries of the cell. Streaming of cytoplasm 
has been described, with the first theory of active sliding of sol endoplasm along gel 
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ectoplasm published in 1956 (Kamiya and Kuroda, 1956). It is caused by the motor 
protein myosins associated with streaming organelles actively sliding along actin 
filaments and can reach velocities up to 100 µm/sec as observed in Characeae 
(Shimmen and Yokota, 2004). We observed movement of cytoplasm in TVS in form of 
local swellings. The movement of those membrane boluses seems to occur in an 
actively directed fashion suggested by the bolus shown in Fig. 5. It did not move 
straight on in the first strand but moved at a 90° junction of two strands into another 
strand after pausing at the junction itself. Movement of the strands occurred in a 
comparable range to bolus movement at about ~0.04 µm/sec. Those movements 
involving membrane remodeling were slower than the velocity of cytoplasmic 
streaming and movement of organelles within the cytoplasm. Movement of Golgi stacks 
and mitochondria is more than ten fold faster, as it has been shown to be about 0.4 
µm/sec for the Golgi (Nebenfuhr et al., 1999) and 0.72-1.33 µm/sec for mitochondria 
(Forman et al., 1987).  
Most of the trafficking processes in cells are mediated by interaction of motor 
proteins and the cytoskeleton. Movement of Golgi stacks and mitochondria is based on 
actin-myosin interactions (Boevink et al., 1998; Nebenfuhr et al., 1999; Van Gestel et 
al., 2002) whereas the positioning of mitochondria is microtubule based (Van Gestel et 
al., 2002). In case of yeast, evidence is provided that also the Arp2/3 complex and actin 
polymerization plays a role in mitochondrial movement and inheritance (Boldogh et al., 
1998). In plant cells, actin filaments can be found as a very fine reticulate network in 
the cortical cytoplasm as well as thick cables in the TVS (Kovar et al., 2001). 
Disruption of the actin cytoskeleton leads to breakdown of most TVS and also interrupts 
trans-vacuolar strand dynamics (Kovar et al., 2000; Van Gestel et al., 2002). This 
suggests actin as the main structural element of strand morphology and maintenance. 
Actin is also a potential candidate for strand regulation as F-actin plays a role in cell 
regulation processes and signaling pathways (Volkmann and Baluska, 1999). 
Microtubules also seem to be involved in the regulation of strand number, as disruption 
of microtubules lead to an increase of TVS within the cell (Van Gestel et al., 2002). 
Which mechanism causes the observed increase in actin filament-containing 
cytoplasmic strands upon depolymerization of microtubules remains elusive. Examples 
of interactions between microtubules and actin filaments are numerous, both in animal 
and in plant cells. In plant cells especially, the mechanism is not yet understood. BY-2 
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cells contain plasma membrane-bound actin that interacts with microtubules, which is 
supposed to stabilize the membrane structure (Collings et al., 1998). In maize (Zea 
mays L.) root cells, Samaj et al. (2000) found evidence for interaction between actin 
filaments and microtubules via BDM-sensitive myosins (Samaj et al., 2000). The 
existence of such structures would suggest the possibility to use a variety of signaling 
pathways and regulatory mechanisms inside the cell and a possibility to direct 
cytoplasm and organelles to sites of specific needs, such as pathogen infection sites. 
Movement of the strands seems to be mediated by myosins (Van Gestel et al., 
2002) which could also be involved in bolus movement. How movement of strands and 
morphological changes in strand structure are regulated is still a point of interest. The 
observation that the number of TVS changes in a cyclic pattern during cell division 
implies the existence of regulatory mechanisms. The regulated action of protein 
phosphatases is indicated since phosphatase inhibition leads to dispersion of TVS 
(Yokota et al., 2003). The involvement of membrane remodeling during strand 
dynamics may also account for the reduced speed compared to other actin-myosin 
mediated organelle trafficking velocities. 
Endosome tracking 
Loading the plasma membrane of cells with prelabeled fluorescent vacuoles with a 
second spectrally distinct dye allowed the simultaneous imaging of endosomal 
compartment dynamics. The confocal 3D time-lapse movies demonstrate that the 
endosomal vesicles moved within the mobile strands. Analysis of endosome movement 
revealed a direct linear movement interrupted by short pauses. Some endosomes did not 
show any movement and remained in their position with slight wiggling. The movement 
within the strands was bi-directional and vesicles could move with different velocities 
in one strand at the same time on parallel tracks. Endosome motility is a characteristic 
feature of endocytosis in animal cells where it exploits both the actin and microtubule 
cytoskeletons and evidence is strengthening for very dynamic interactions between 
endocytosis and the actin cytoskeleton in plant cells (Samaj et al., 2004). The velocities 
of endosome motion measured here (0.46 µm/sec) were within the range of what is 
known from animal cells where the velocities are ~0.1 µm/sec for short range actin 
based transport and on the order of 1 µm/sec for long range microtubule based transport. 
Additionally, this is in accordance with recent observations by Baluska et al. (EJCB, in 
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press) regarding endosome motility in actively growing root hairs. The small 
endosomes showed highly variable motile behavior with an average speed of 
0.54 µm/sec. Furthermore, endosome movement was instantly inhibited by Latrunculin 
B, strongly suggesting that endosome motility relies on actin polymerisation and 
depolymerization. Movement of early endosomes along microtubules is regulated by the 
small GTPase rab5 in mammalian cells and this effectively couples membrane transport 
to the machinery that catalyzes membrane fusion (Nielsen et al., 1999). The presence of 
rab5-like GTPases in the endocytic pathway indicates that a similar mechanism for 
regulating endosome motion is a possibility in plants (Ueda et al., 2001). The average 
velocity determined for endosomes was comparable to Golgi stack movement 
velocities, but did not reach the maximum velocity observed for the Golgi (Nebenfuhr 
et al., 1999).  
A model for strand homeostasis 
It was observed that TVS were able to fuse and were generated by fission of membrane 
sheets. The fusion and fission of strands was not reported in three dimensional detail 
previously. These observations lead to propose a model for TVS homeostasis whereby 
fusion and fission of TVS could drive the alterations in TVS number that are observed 
across the cell cycle in plant cells (Kutsuna and Hasezawa, 2002). Further, since TVS 
reduction and creation are essential steps in cell division where cell components have to 
be divided equally into the daughter cells, explaining these events is of interest. 
However, how the number of strands could be altered has not been shown before in the 
context of the whole cell level. 
 The proposed mechanistic model describes the changes in TVS number 
based on the balance between fusion and fission events. It was observed that TVS fusion 
decreases the number of strands, whereas membrane sheet fission led to the creation of 
strands. In interphase cells, strand creation and fusion events are likely to be balanced 
because strand number does not drastically change. Before cell division occurs, strand 
fusion may exceed fission events so that the overall number of strands is reduced. After cell 
division, fusion events may decrease and increased fission events may result in an increase 
in the number of strands. Both events involve membrane fusion processes but the 
mechanisms involved clearly differ, as proposed below. 
Discussion 104 
 
In this model, strand fusion can be separated in three steps (see Fig. 63). At first, 
two strands approach each other until they touch on one or both ends (Fig. 63A, B). In 
the second step, the strands fuse in a zipper-like fashion (Fig. 63C). It has to be noted 
that this step in the TVS fusion does not apparently require a membrane fusion event. 
The strand cytoplasm is already connected at one or both ends. This event in the fusion 
process consists of a remodeling of the membrane surrounding the strands. The 
membrane ridge separating the cytoplasm of the two strands is pushed forward so that 
the cytoplasm of the involved strands can mix. As the membrane remodeling moves 
forward, the separating hole between the strands becomes smaller until finally a small 
cylinder of vacuole lumen is left (Fig. 63D). In the third step this cylinder is removed. It 
has to be emphasized that the membranes cannot directly fuse, as they are touching on 
the outer face within the vacuolar lumen. To remove the cylindrical structure two 
mechanisms are conceivable: a full pinching-off of the cylinder or a pinch-off only on 
one side. In the first case, the vacuole tube is removed by pinching-off on both sides 
releasing a vesicle with vacuolar lumen content into the cytoplasm. The membrane is 
contracted and fuses on both sides of the cylinder similar to budding steps in vesicle 
creation. In the second case, the fusion happens only on one side, releasing a structure 
comparable to a budding vesicle. This could lead to integration of the cylinder 
membrane into the tonoplast. The release of a vesicle is suggested by the presented 
fusion of three strands, where a small vesicle moves away in one strand after closure of 
the residual cylinder (Fig. 8 arrow). Fusion events without visible residue vesicles have 
also been recorded, therefore it is suggested that both mechanisms exist. 
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Fig. 63 Fusion of trans-vacuolar strands 
The figure depicts a schematic drawing of fusion between two TVS. A-B Two strands approach 
each other by moving within the vacuolar lumen until they contact each other at one end. C-D 
The cytoplasm of the two strands mixes, the strands fuse in a zipper-like fashion while pushing 
the separating membrane ridge forward until only a small cylinder of vacuolar lumen is left 
(taken from Ruthardt et al., in press). 
 Creation of TVS took place by membrane sheet fission events. In this case, the 
opposing membranes of a thin cytoplasmic sheet fused at one point to generate an 
opening in the sheet. In contrast to the strand fusion process, here the membranes can 
directly join within the cytosol using the regular fusion apparatus. In this case the 
membrane fusion event is comparable to homotypic vacuole fusion as the participating 
membranes are tonoplast of the same vacuole. The enlargement of the generated fusion 
pore leads to generation of two new strands. Vacuole fusion has been well studied in 
yeast (see Wickner and Haas (2000) for a detailed review). Much less is known about 
vacuole fusion events in plants. Studies with yeast showed that many of the proteins that 
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catalyze vacuole fusion are identical to those that support heterotypic trafficking 
processes such as the fusion of late endosomes with vacuoles, autophagocytosis and 
others and homotypic vacuole fusion therefore might use a more heterotypic fusion 
machinery (Wickner and Haas, 2000). Several proteins involved in membrane fusion 
and budding steps from Golgi, ER and plasma membrane have been identified in plants 
e.g. SNAREs, SNAPs and a large family of Rab GTPases (Nebenfuhr, 2002). It can be 
speculated that homologue proteins for vacuolar membrane fusion in plants do also 
exist and play a fundamental role in the structural dynamics of the vacuole. 
Conclusions 
These results strongly indicate that TVS number can be changed by altering the levels 
of TVS formation through membrane sheet fission or TVS consumption through fusion 
with other strands and the vacuolar membrane. Morphological changes of vacuoles play 
an important role in the morphogenesis of cells, tissues and whole plants. Dynamic 
changes in strand number have been observed previously (Kutsuna and Hasezawa, 
2002; Kutsuna et al., 2003) and tight regulation of strand number is strongly suggested 
by the observation of changes in strand number during cytokinesis. It can be speculated 
that TVS serve to deliver macro-complexes of proteins and organelles to sites of 
secretion or from the cell periphery toward the perinuclear region. The characteristic 
radial organization of TVS stretching from the nucleus to the peripheral cell cytoplasm 
and the ability of TVS to fuse may serve as a method for rapidly redirecting transport 
from one area of the cell to another. Thus, the homeostasis of TVS is central to plant 
growth and development. The tools exploited here can be used for future work to define 
the detailed molecular mechanisms of strand fusion and fission. 
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4.2 Analysis of endocytic trafficking pathways of selected  
GFP fusion proteins 
4.2.1 AtGPIP1-GFP 
AtGPIP1 – recently renamed as HIPL1 (Hedgehog-interacting protein-like 1) (Borner et 
al., 2003)  – is the major GPI-anchored protein expressed in Arabidopsis callus 
(Sherrier et al., 1999; Borner et al., 2002) and shows distant homology to Hedgehog 
interacting protein, HIP (Chuang and McMahon, 1999). The function of AtGPIP1 is 
unknown. In this study, the localization of an AtGPIP1-GFP fusion expressed in BY-2 
suspension cells was determined. The correct expression of the full-size fusion protein 
in transgenic BY-2 cells was confirmed by immunoblotting. Microscopical analysis of 
the transgenic cells (Fig. 15, Fig. 16) and immunostaining with the Golgi marker JIM84 
(Fig. 18) detected the fusion protein in the secretory pathway including ER, the Golgi 
and as well the plasma membrane. The plasma membrane localization of AtGPIP1-GFP 
supports earlier findings from fractionation experiments with Arabidopsis cells (Sherrier 
et al., 1999). The long persistence in the ER and the Golgi suggest a relatively slow 
passage through the secretory pathway. 
GPI-anchors can confer polarized targeting as well as localization to specialized 
plasma membrane domains (Lisanti et al., 1989; Brown and Rose, 1992). Polarized 
localization was detected for two GPI-anchored proteins from Arabidopsis, SKU5 
(Sedbrook et al., 2002) and COBRA (Schindelman et al., 2001). For AtGPIP1-GFP in 
contrast, no preferential polarized localization was detected in this study. Numerous 
GPI-anchored proteins are internalized and recycled back to the cell surface (Kamen et 
al., 1988; Lisanti et al., 1990; Rothberg et al., 1990) and it was proposed that GPI-
anchored proteins are internalized via the pinching off of caveolae in a process called 
potocytosis (Anderson, 1993; Turek et al., 1993). AtGPIP1-GFP is localized at the 
plasma membrane and endocytosis is conceivable. However, labeling of the endosomal 
pathway in the transgenic cells expressing the fluorescent fusion protein with FM4-64 
did not show any colocalization of endosomes with the visible vesicles containing 
AtGPIP1-GFP (Fig. 17). This result suggests that the fusion protein is not endocytosed. 
The observed vesicles containing the fusion proteins seem to be exclusively Golgi 
vesicles as detected with the Golgi marker JIM84 by immunocytochemistry (Fig. 18). 
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The GFP signal at the plasma membrane may also result from extra-cellular fusion 
protein that was entrapped in the cell wall after release from the plasma membrane by 
cleavage of the GPI anchor. Soluble AtGPIP1 was detected in Arabidopsis callus 
culture medium in addition to the plasma membrane bound form by Sherrier et al. 
(1999). This suggests also the release of the AtGPIP1-GFP fusion. Release from the 
plasma membrane and entrapment in the cell wall would also prevent endocytosis and 
may therefore explain the absence of the fusion protein from endosomes.  
The labeling of the secretory pathway by AtGPIP1-GFP made the transgenic cell 
lines to a valuable tool for microscopical investigation of the effects of Brefeldin A 
(BFA) on the cellular level by microscopy. By labeling of the endosomal pathway with 
the styryl dye FM4-64, effects of BFA on both pathways were imaged simultaneously. 
Treatment of transgenic cells, showing bright labeling of Golgi vesicles, with 100 µg/ml 
BFA resulted in disappearance of the Golgi within 15 min. The gradual loss of Golgi 
fluorescence and simultaneous increase in ER-like fluorescence are indicative of a 
redistribution of AtGPIP1-GFP into the ER. This typical first effect of BFA is observed 
in mammalian (Sciaky et al., 1997; Hess et al., 2000) as well as plant cells (Rutten and 
Knuiman, 1993; Ritzenthaler et al., 2002; Saint-Jore et al., 2002). The molecular target 
of BFA in mammalian cells is a subset of Sec7-type GTP-exchange factors (GEFs). 
These GEFs activate a GTPase called Arf1p (ADP-ribosylation factor 1) (Kahn and 
Gilman, 1986; Serafini et al., 1991). BFA blocks the activation of Arf1 by stabilizing an 
abortive Arf-GEF protein complex (Chardin and McCormick, 1999; Peyroche et al., 
1999). Arf1 is responsible for the recruitment of coat proteins (coatomer, also called 
COPI) and clathrin (via the adaptor complex AP-1) resulting in the formation of 
transport vesicles. In recent years, it has become evident that plants also possess BFA-
sensitive Arf GEFs (Steinmann et al., 1999) as well as coatomer, AP-1 and clathrin, all 
of which also localize to the Golgi (Pimpl et al., 2000). This suggests that the 
machinery that mediates vesicle transport in the endomembrane system is basically the 
same in all eukaryotes. Therefore, one of the first effects of BFA is the rapid release of 
membrane-bound coatomer in mammalian as well as plant cells. This is followed by the 
absorption of Golgi proteins and membranes into the ER in mammalian (Sciaky et al., 
1997) as well as plant cells (Boevink et al., 1998; Ritzenthaler et al., 2002; Saint-Jore et 
al., 2002). After this common first effect, in the following events, differences are 
observed between mammalian and plant cells. Whereas in mammalian cells the loss of 
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the COPI coats from the Golgi result in extensive membrane tubulation that fuse with 
the ER, in plant cells BFA does not lead to tubulation of the Golgi apparatus. Instead, 
the Golgi cisternae fuse with the ER, forming hybrid ER-Golgi stacks that are unique to 
plants reflecting the different organization of the Golgi in mammalian and plant cells. 
This Golgi-ER composite structure after treatment with BFA is demonstrated at the 
whole cell level by light microscopy in Fig. 19. Prolonged treatment with BFA results 
in the formation of plant typical “BFA compartments”. These are usually two per cell 
and in close proximity to the nucleus (Wee et al., 1998; Geldner et al., 2001; Baluska et 
al., 2002). In most studies, either the ER-Golgi hybrid or the BFA compartments have 
been observed, illustrating different fates of the participating Golgi membranes. Both 
structures in one cell, as demonstrated by the AtGPIP1-GFP expressing cells, have 
rarely been observed simultaneously. Nebenführ et al. (2002) suggest that the 
observation of both responses – beside tissue specificity – is dependent on the 
distribution of the markers used within the Golgi. The preferential observation after 
BFA treatment of ER-Golgi hybrids with cis-Golgi specific markers and the emerging 
of BFA compartments when using trans-Golgi markers strongly suggests that the Golgi 
apparatus essentially splits horizontally. Thereby, most cisternae are absorbed into the 
ER, whereas the TGN, and possibly also the trans-most Golgi cisterna, contribute to the 
BFA compartment (Nebenfuhr et al., 2002). That the BFA compartments as well as the 
ER-Golgi hybrids are always formed as a result of BFA treatment is strongly suggested 
by this study. As AtGPIP1-GFP is not preferentially located in specific Golgi cisterna 
but completely passes the Golgi during secretion, it labels the complete Golgi apparatus. 
Therefore, treatment with BFA resulted in the formation of ER-Golgi hybrids as well as 
BFA compartments simultaneously in one cell what has been rarely observed before. 
In mammalian cells, the TGN membranes not involved in ER fusion 
fuse/aggregate with elements of the endocytic pathway after treatment with BFA (Wood 
et al., 1991; Reaves and Banting, 1992). To study the possible involvement of endocytic 
membrane in BFA compartments in plant cells, the endocytic pathway of AtGPIP1-GFP 
expressing cells was labeled with FM4-64. After subsequent incubation with BFA, the 
effect on the Golgi and endosomal compartments was imaged simultaneously. 
Formation of aggregate structures after addition of BFA was observed with both labels. 
Overlap of the FM4-64 with the AtGPIP1-GFP labeled compartments suggests that 
endosomal compartments are indeed involved in BFA compartment formation (Fig. 20). 
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Surprisingly, aggregation of endosomal compartments was observed before BFA 
compartments were visible in the AtGPIP1-GFP channel. Detailed observation of the 
BFA compartment overlays showed that the AtGPIP1-GFP and FM4-64 labeling did 
not exactly overlap, separate subcompartments were maintained. This suggests that the 
membranes of the endocytic and secretory pathway do not completely mix. The BFA 
compartment is either an aggregated compartment that can not be resolved with light 
microscopy or separation of the membranes is maintained after fusion. EM micrographs 
in publications showing BY-2 cells treated with BFA displayed aggregates of Golgi 
stack remnants and large numbers of associated vesicles that were always found near 
the nucleus (Ritzenthaler et al., 2002). As those structures had the same appearance as 
BFA compartments in other systems (Satiat-Jeunemaitre et al., 1996), it was suggested 
that those structures resemble BFA compartments on the ultra-structural level. Based on 
those findings with wild-type BY-2 cells, an aggregate-like structure of the BFA 
compartments is suggested in which the endosomal and Golgi membranes do not fuse 
and mix. To resolve the exact composition of the BFA compartment in respect to the 
location of endosomal and Golgi derived membranes, EM immunolocalization with 
trans-Golgi and endosomal markers after BFA treatment would be necessary. The 
presence of endosomal compartments within the BFA compartment is in accordance 
with previous observations that a number of apparently endocytosed cell surface 
markers also accumulate in perinuclear aggregates after BFA treatment. These include 
components of the auxin transport machinery like PIN1 (Geldner et al., 2001), PIN3 
(Friml et al., 2002) and AUX1 (Grebe et al., 2002) as well as a plasma membrane H+-
ATPase and pectins (Baluska et al., 2002). However, colocalization studies of the 
aforementioned cell surface markers after BFA treatment with trans-Golgi markers have 
not been performed.  
Therefore, this study provides direct evidence for the colocalization of 
endosomal and Golgi-derived components in the BFA compartments which has not 
been shown before. Taken together these data further suggest that the endocytic 
pathway also contributes membranes to the BFA compartment in addition to the TGN. 
This also indicates that there have to exist BFA sensitive ARF-GEFs in plants in 
addition to ARF-GEFs involved in vesicle budding from the Golgi. In contrast to 
mammalian cells, plant cells have a higher number of BFA-sensitive ARF-GEFs 
(Jurgens and Geldner, 2002). Recently, GNOM a BFA-sensitive ARF-GEF involved in 
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endocytosis in plants has been identified (Geldner et al., 2003). GNOM is localized to 
endosomes and mediates endosomal recycling of the plasma membrane localized auxin 
efflux carrier PIN1 in Arabidopsis. Treatment with BFA resulted in complete 
colocalization of GNOM and PIN1 in perinuclear aggregates (Geldner et al., 2003). 
Interestingly, colocalization of GNOM and the COPI subunit γ-COP after BFA-
treatment showed GNOM-positive perinuclear aggregates surrounded by γ-COP. This 
further suggests structural separation of endosomal and Golgi-derived membranes 
within the BFA compartments. Nevertheless, the detailed structural composition of 
BFA compartments remains elusive and needs further investigation on the ultra-
structural level. Furthermore, the detailed description of the localization and action of 
other plant ARF-GEFs remains for further work and will eventually uncover more 
BFA-sensitive ARF-GEFs involved in endocytosis. 
4.2.2 pIgR-GFP 
To analyze the functionality of poly-Ig-receptor (pIgR) sorting signals in plants, 
transgenic BY-2 suspension cultures expressing GFP fused to the transmembrane 
domain and cytosolic tail of the wild-type pIgR (pIgRwt-GFP) as well as to an 
endocytosis signal mutant (pIgRmut-GFP) were established. The correct expression of 
the fusion proteins was confirmed by immunoblotting (Fig. 22) and revealed a tight 
anchorage of the fusion proteins in the plasma membrane as the extraction procedure 
from suspension cells did not yield in solubilization of the fusion protein. The full-size 
proteins were only detected in the extraction pellet containing cell debris and 
membranes. Microscopical observation of the transgenic cells in interphase showed a 
uniform distribution of both fusion-constructs at the plasma membrane and in small 
vesicles (Fig. 23). At the onset of cytokinesis, the fusion proteins were relocalized to the 
evolving cell plate (Fig. 24).  
Targeting of transmembrane proteins depends largely on sorting signal residues 
within the cytosolic tails of the proteins, which are recognized by specific receptors. 
Among the best-understood examples are di-leucine (LL, where the leucines can also be 
replaced by isoleucines) and YXXΦ (where Y refers to tyrosine, X refers to any amino 
acid residue, and Φ refers to hydrophobic residues with a bulky side chain) motifs in 
mammalian cells. Both signals are involved in endocytosis as well as protein sorting in 
polarized and nonpolarized cells (Mellmann et al., 1993; Mellman, 1996; Marks et al., 
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1997). Polarized cell architecture can also be found in plant cells, for example in 
polarized auxin transport-competent cells. During cytokinesis, a transient polarity may 
be established between the parental plasma membrane and the cell plate; hence, 
localization of transmembrane proteins to the cell plate may be directed by a polarized 
targeting mechanism. Both the YXXΦ and LL motifs have been found in the cytosolic 
tails of many plant transmembrane proteins, including AtPIN1 (Galweiler et al., 1998), 
AtPIN2 (Muller et al., 1998), and KNOLLE (Tang and Hong, 1999). AtPIN1 and 
AtPIN2 belong to a large family of carrier proteins and are involved in polar auxin 
transport. Both proteins localize to the basal end of auxin transport-competent cells, 
although it remains unclear whether the YXXΦ and LL motifs are indeed involved in 
the polarized targeting of these proteins. For KOR1, an Arabidopsis endo-1,4-β-
glucanase localized to forming cell plates during cytokinesis, Zuo et al. (2000) 
demonstrated that the YXXΦ and LL motifs contained in the cytosolic tail of the 
enzyme are both required for polarized targeting to the cell plate. Mutation of one of the 
signals resulted in uniform distribution to the plasma membrane during cytokinesis with 
a slightly stronger GFP signal at the cell plate. Targeting to the cell plate during 
cytokinesis was also observed in this study for pIgRwt-GFP and pIgRmut-GFP. The 
cytosolic tail of pIgR contains two possible YXXΦ motifs and one LL motif. In 
pIgRmut the regarding Tyr residues of the YXXΦ motifs are mutated to Ser and Cys. 
No difference in localization of the two GFP fusion constructs was observed. Both were 
relocated to the cell plate during cytokinesis. This result indicates that at least one of the 
mammalian signals in the cytoplasmic tail of the pIgR is recognized in BY-2 cells and 
leads to polarized targeting of the pIgR fusion-constructs. In contrast to KOR1, the 
YXXΦ motif does not seem to be involved in targeting to the cell plate during 
cytokinesis as no differences in localization between the wild-type and the mutant 
construct was detected. Therefore, the targeting to the cell plate may be promoted by the 
LL motif only. The targeting abilities of the LL motif of the cytosolic pIgR tail in plants 
may be addressed in further studies with pIgR-GFP constructs containing a mutated LL 
motif. Furthermore, mutational analysis of specific residues in the cytoplasmatic pIgR 
tail showed that Ser664 phosphorylation is required for sorting from endosomes to the 
apical membrane. Mutation of Ser664 lead to basolateral recycling in polarized cells 
(Casanova et al., 1990; Apodaca and Mostov, 1993; Hirt et al., 1993). Ser664 may also 
be involved in relocalization of the pIgR-GFP constructs in plant cells during 
Discussion 113 
 
cytokinesis. This question can be addressed by localization studies with a pIgR-GFP 
fusion construct mutated at the relevant residue. Additionally, expression of the pIgR-
GFP constructs in plant cells known to show apical-basal polarization – e.g. auxin 
transport competent cells – would reveal, if the fusion protein displays a polarized 
localization similar to AtPIN1 and AtPIN2. This would allow to analyze the pathways 
in plant cells for establishing cell polarity compared to mammalian cells. Furthermore, 
this would also provide information whether the cell plate targeting of pIgR-GFP during 
cytokinesis in BY-2 cells can actually be compared to basolateral/apical targeting in 
polarized mammalian epithelia cells and involves the same sorting signals. 
The vesicle nature observed in pIgRwt-GFP and pIgRmut-GFP expressing cells 
was analyzed in more detail for their endosomal and Golgi nature by FM4-64 labeling 
and immunocytochemistry. Colocalization of the vesicles with FM4-64 labeled 
endosomes revealed that the fusion proteins are indeed endocytosed into endosomes. 
Counting of endosomes containing the fusion proteins, however, showed differences in 
the proportion of endosomes between the two cell lines. In summary, pIgRmut-GFP 
expressing cells contained 56% less endosomes with the fusion protein compared to 
pIgRwt-GFP expressing cells. The large number of vesicles not being labeled by 
FM4-64 was assumed to be Golgi vesicles. The presence of the fusion proteins in the 
Golgi was verified by immunocytochemistry with the Golgi marker JIM84 (Evans et 
al., 1997). Colocalization revealed that the major proportion of vesicles represent the 
Golgi. This result correlates with the FM4-64 labeling result showing that only 31.7% 
of the pIgRwt-GFP and 17.2% of the pIgRmut-GFP labeled vesicles are of endosomal 
origin. The labeling of the Golgi corresponds to exocytic vesicles and indicates that the 
fusion proteins are heavily secreted to the plasma membrane. Okamoto et al. (1992) 
demonstrated that the two tyrosine residues of the YXXΦ motif in the cytoplasmic 
domain (Tyr668 and Tyr734) are involved in rapid endocytosis of the receptor on the 
basolateral surface of epithelial cells. The cytoplasmic and transmembrane domain of 
the pIgR also retained the capacity to mediate rapid internalization when fused to the 
extracellular domain of the influenza virus hemagglutinin (Okamoto et al., 1992). 
Mutation of either of the two residues resulted in impaired endocytosis of the receptor 
and the presence of both Tyr residues was required to achieve the highest rates of 
internalization. This study strongly suggests that the endocytosis signal for receptor 
mediated endocytosis by clathrin coated vesicles is also recognized in plant cells and 
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mutation of the endocytosis signal leads to reduced endocytosis. This indicates 
conserved pathways within animal and plant cells. 
Dimerization of the pIgR was shown to control the rate of receptor transcytosis 
(Singer and Mostov, 1998) and phosphorylation of Ser726 was implicated in 
dimerization of the pIgR (Hirt et al., 1993). In this study, dimerization of pIgRwt-GFP 
and pIgRmut-GFP in BY-2 cells was assayed in terms of the effect on endocytosis. A 
monoclonal anti-GFP antibody was used as artificial ligand to externally dimerize the 
fusion contructs. Protoplasts of the transgenic cell lines were incubated with the 
antibody and endosome number before and after treatment was counted. Endocytosis of 
the antibody was verified in fixed protoplasts after incubation with anti-GFP by 
immunostaining (Fig. 30). For both constructs, no significant difference in endosome 
number before and after treatment was detected (Fig. 31). This suggests that 
dimerization of the pIgR-GFP constructs does not result in enhanced endocytosis. As 
eventual transcytosis is difficult to measure in BY-2 cells, the dimerization assay was 
based on the assumption that correct processing of dimerized fusion constructs would 
also lead to increased endocytosis. The observed increase in transcytosis after 
dimerization in mammalian cells may also have resulted from a shift in sorting of the 
receptor. Native pIgR is constitutively endocytosed into a basolateral recycling 
compartment. Dimerization may shift the steady-state of internalized receptor from 
recycling towards transcytosis without increasing the endocytosis rate. In this case, no 
effect in endosome number would be detected although transcytosis is increased. 
However, also increase in endocytosis is suggested as dimerization of pIgR also lead to 
a faster rate of internalization in mammalian cells (Singer and Mostov, 1998). 
Furthermore, the antibody concentration may have tampered the result of the 
dimerization assay in BY-2 cells. The concentration of the anti-GFP antibody is crucial 
for optimal dimerization. Too little antibody may not dimerize enough fusion-constructs 
to detect differences in endosome number. Too much antibody in contrast may saturate 
the binding sites in a 1:1 ratio of fusion construct and antibody thereby preventing 
dimerization. As the background of labeled vesicles that are not endosomes but Golgi is 
very high, a strong signal-to-noise ratio to detect increased endocytosis is necessary. 
The antibody was applied in concentration ranges used for the native pIgR ligand dIgA 
in protocols for experiments with transgenic mammalian cells. This may eventually be a 
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suboptimal concentration for the artificial receptor-ligand system in the transgenic plant 
cells.  
In summary, this results indicate that the YXXΦ motif in the cytosolic tail of the 
pIgR is correctly processed in plant cells as endocytosis signal only and not used as 
localization signal in accordance with pIgR and pIgR fusion-construct localization 
studies in mammalian cell systems (Breitfeld et al., 1990; Okamoto et al., 1992). This is 
in accordance with earlier findings that YXXΦ-type signals can have multiple functions 
(Marks et al., 1997). Subsets of YXXΦ motifs are also able to mediate other 
intracellular sorting processes – as shown for KOR1 (Zuo et al., 2000) – suggesting that 
YXXΦ-type signals can be recognized differentially at more than one site in the cell. 
Mutation of the tyrosine residues in the motif resulted in reduced endocytosis. This 
supports the idea of similar endocytic machinery existing in mammalian and plant cells. 
Furthermore, the signals for polarized targeting seem to be processed in BY-2 cells. 
During cytokinesis the fusion proteins were relocated to the cell plate resembling a 
polarized localization. In how far the cell plate targeting can be compared to basolateral 
targeting is unknown and needs further investigation. The effect of pIgR dimerization 
on transcytosis is difficult to access in the BY-2 system and is not clear. At least in 
terms of endocytosis, dimerization does not seem to cause an increase in internalization. 
4.2.3 Ve2-GFP 
Ve2 was suggested to be a cell-surface glycoprotein that may act as a receptor for 
Verticillium elicitors (Kawchuk et al., 2001). The results described here indicate that 
Ve2 is not a cell-surface protein but is ER resident. This is also supported by the fact 
that Ve2 has a functional C-terminal KKF sequence that enhances ER retention. The C-
terminal dilysine motif has been shown to confer ER localization to type I membrane 
proteins in plants as well as in mammals and yeast cells (Benghezal et al., 2000). 
Interestingly, a C-terminal KKX motif was found in another resistance gene from 
tomato, the Cf-9 gene encoding a type I membrane protein suggested being located in 
the ER (Benghezal et al., 2000). Cf-9 contains a large extracytosolic LRR domain 
similar to the Ve2 protein. Mutation of the Cf-9 KKX signal led to the release of the 
protein from the ER and cleavage of the protein (Benghezal et al., 2000). I did not 
observe a comparable result for Ve2, as GFP fusion constructs lacking the ER retention 
signal were still located in the ER. This suggests additional targeting information beside 
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the C-terminal KKX motif. A study with GFP fused to transmembrane domains with 
variable lengths between 17 and 23 amino acids showed that the destination for single-
pass membrane proteins is markedly influenced by the length of the hydrophobic 
domain (Brandizzi et al., 2002). A short transmembrane domain about 17 amino acid 
residues promoted localization within the ER, 20 amino acids resulted in accumulation 
within the Golgi whereas the fusion construct with 23 amino acids in the hydrophobic 
transmembrane domain was targeted to the plasma membrane. Ve2 has a hydrophobic 
domain of 21 amino acids. This is an intermediate size between the membrane domains 
shown to be localized to the Golgi or plasma membrane. Therefore, it may be suggested 
that the hydrophobic domain by itself has a targeting effect in addition to the KKF 
signal. Although, solely the membrane domain may not be sufficient, as I observed 
leakage into the Golgi when the KKF signal was removed (Fig. 41). Further studies 
with removed KKF signal and different length of the membrane domain may give 
information about the influence of the targeting abilities of the Ve2 transmembrane 
domain. Furthermore, it cannot be ruled out that misfolding of the fusion protein and 
therefore association with BiP could be a reason for retention of the fusion constructs in 
the ER. 
According to the classical concept of the gene-for-gene hypothesis based on 
Flor’s work on flax and flax rust fungus more than 50 years ago, disease resistance in 
plants commonly requires two complementary genes: an avirulence (Avr) gene in the 
pathogen and a matching resistance (R) gene in the host. Simplified, this corresponds to 
a receptor-ligand model in which plants detect pathogens using receptors that directly 
bind pathogen-derived elicitor molecules. Up to now, potential elicitor ligands for Ve2 
or interacting proteins have not been identified. For the afore mentioned Cf-9 gene, Van 
den Ackerveken et al. (1992) demonstrated a causal relationship between the presence 
of the fungal elicitor Avr9 and Cf-9 to trigger the plant defense mechanisms consistent 
with Flor’s gene-for-gene hypothesis (Flor, 1971). Corresponding to Ve2, ER 
localization would contradict the proposed function as a cell surface receptor. In case of 
ER localization other mechanisms beside direct interaction must be postulated. 
Although, several toxins have been found to be transported all the way from the cell 
surface, through endosomes and the Golgi apparatus to the ER: the Shiga toxin 
(Sandvig et al., 1992), the cholera toxin (Sandvig et al., 1996), and ricin (Rapak et al., 
1997). In case of Cf-9, more recent studies contradict the earlier findings of ER 
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localization and reinforce the function of Cf-9 as a cell-surface receptor although a C-
terminal KKX motif is present in the protein (Piedras et al., 2000). It was suggested that 
the KKX motif facilitates proper assembly of complexes in the ER and complex 
formation would lead to sterical masking of the KKX motif for exit from the ER into 
the secretory pathway. Furthermore, Rivas et al. (2002) suggest that Cf-9 is part of a 
heteromultimeric membrane-associated complex. A similar model could be the case for 
Ve2.  
On the other hand, in accordance with a new model for resistance – the guard 
hypothesis – ER localization of a receptor-like protein involved in resistance is possible. 
This new model goes against the dogma of direct elicitor-receptor interaction in form of 
an indirect surveillance hypothesis where plants do not need to detect a multitude of 
specific pathogen molecules but only the damage caused by them (Van der Biezen and 
Jones, 1998). In this setting, the R proteins of the host guard the targets of the pathogen 
virulence proteins and detect physiological changes in the cell. These “guard posts” may 
be positioned at different locations of the cell to monitor cytosolic signaling molecules, 
the extracellular space, the cytoskeleton and also the ER (Schneider, 2002). The Ve2 
protein may therefore be involved in monitoring of the ER lumen without need for 
direct interaction with an elicitor molecule. 
 Nevertheless, for Ve2 the presence of a potential endocytosis signal together 
with an ER retention signal is unexpected and remains speculation. LeEix2 is another 
resistance gene from tomato which shows structural homology to Ve2 (Ron and Avni, 
2004) and contains an endocytosis but no ER retention signal. LeEix2 binds to ethylene-
inducing xylanase (EIX), a potent elicitor of plant defense responses in specific 
cultivars of tobacco and tomato (Ron and Avni, 2004). Mutation of the YXXφ 
endocytosis signal in LeEix2 abolished its ability to induce the hypersensitive response. 
This suggests that endocytosis plays a key role in the signal transduction pathway in 
resistance responses for LeEix2. The presence of an endocytosis signal in Ve2 may also 
be a relic that is no longer needed as Ve2 does not seem to reach the endocytic 
machinery. 
The understanding of the ER retention signal and endocytosis signal in one 
protein needs to be addressed in further experiments. One matter of interest is, whether 
the deletion of the endocytosis signal of Ve2 would lead to a change in resistance 
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similar to LeEix2. Furthermore, the subcellular localization of Ve1, which also contains 
an endocytosis signal but no ER retention signal, has not been identified yet. Ve1 and 
Ve2 are closely linked inverted genes in tomato with 84% identity (Kawchuk et al., 
2001). As Ve1 and Ve2 confer resistance independently, identification of functional 
differences may reveal important insights into resistance pathways and endocytosis in 
pathogen defense response in plant cells. 
4.3 Uptake Assay 
The uptake assay was developed to provide a convenient tool to screen pharmacological 
compounds on their general effect on endocytosis in terms of plasma membrane uptake 
and traffic. The assay is based on the uptake of the styryl dye FM1-43 that integrates 
into the plasma membrane of living cells. Endocytosis is quantified by measuring the 
amount of internalized dye after a given internalization period and this quantification 
served to detect changes in uptake promoted by tested compounds. The uptake assay 
was tailored to the growth characteristics of BY-2 cells (Fig. 42, Fig. 43). BY-2 cells 
showed the highest endocytic activity on day 3 and 4 of the cultivation cycle. Therefore, 
to standardize the uptake assays, tests were performed only with three and four day old 
cells. 
Screening of several compounds revealed that four assay repetitions were 
sufficient to reliably detect compounds affecting endocytosis, although for statistical 
analysis, four assays may not be sufficient. The reliability was tested with statistically 
significant repetitions (n ≥ 10) of assays with candidates that were characterized as 
“high” or “low potential” candidates after four assays. Compounds that showed a 
reproducible effect of more than 20% change in fluorescence intensity with low 
standard deviation (< x/2) in four assays were verified to have a significant effect with 
more repetitions (p < 0.05; e.g. BFA and Apigenin). In contrast, compounds promoting 
small changes (less than 20% change in fluorescence intensity) and very fluctuating 
results (high standard deviation) within four assay repetitions did indeed not cause 
statistically significant results when tested at repetitions sufficient for t-test analysis 
(p > 0.05; e.g. Bafilomycin). 10% variation in fluorescence intensity was set as 
detection limit of the assay, as those variations were also observed in control uptake 
assays without compound treatment. For changes between 10-20% in four and more 
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assay repetitions, only suggestions of a potential effect can be given. This range may 
reflect small changes promoted by the compound but is very close to the detection limit. 
Therefore, the uptake assay is a quick and easy tool for detection of compounds that 
show strong effects on plasma membrane uptake (above 20% fluorescence intensity 
change).  
The effect of Brefeldin A was tested in uptake assays (Fig. 45, Fig. 46) as well 
as on cellular level by microscopy (Fig. 19, Fig. 20). In uptake assays with 15-20 µM 
FM1-43 earlier findings were repeated that showed increased fluorescence intensity 
after treatment with 100 µg/ml BFA presumably through the inhbition of endocytic 
recycling (Emans et al., 2002). The increased fluorescence intensity is a result of 
accumulating vesicles by inhibition of exocytosis in the presence of continued 
endocytosis. This indicates additional targets of BFA on endosomal compartments 
besides Golgi localized ARF-GEFs. This is in contrast to the current view that BFA 
primarily affects Golgi-based secretion (Nebenfuhr et al., 2002). An effect of BFA on 
endosomal trafficking in addition to Golgi-based secretion is further confirmed by BFA 
treatment of AtGPIP1-GFP expressing cells in this study (1.1) and a recent publication 
on GNOM, a BFA sensitive ARF-GEF from A. thaliana (Shevell et al., 1994). Geldner 
et al. (2003) demonstrated that GNOM is responsible for recycling of the auxin 
transporter PIN1 through an intracellular compartment and localizes to endosomes. 
Treatment of root tips of A. thaliana seedlings expressing GNOM-GFP with BFA 
resulted in accumulation of GNOM into large perinuclear aggregates, the BFA 
compartments. This strongly suggests GNOM as the target for BFA at the endosomal 
compartments.  
 Uptake assays with 5 µM FM1-43 indicated that BFA also affects 
endocytosis in an early step at the plasma membrane resulting in decreased endocytosis, but 
this effect is less prominent as the inhibition of recycling from endosomal compartments 
(Fig. 46). It is not known, whether the decrease in endocytosis is also promoted by 
inhibition of GNOM. Geldner et al. (2003) observed a weak plasma membrane labeling by 
GNOM-GFP appeared after BFA treatment – which was not observed in untreated tissue – 
that coalesced into the large BFA compartments. The membrane bound GNOM may be 
indicative of the locked ARF-GEF complex. If GNOM is also involved in endocytosis 
besides recycling from endosomal compartments, the inactivation of GNOM would also 
lead to decreased endocytosis. Although, inhibition of GNOM mainly seems to affect 
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recycling and suggests other BFA sensitive ARF-GEFs involved in endocytosis. At least 
five plant ARF-GEFs are predicted to be BFA sensitive (Geldner et al., 2003) but it is not 
known in which processes those ARF-GEFs participate. Therefore, the identification of 
plant ARF-GEFs involved in endocytosis remains for future work.  
The microfilament disrupting drugs latrunculin B and cytochalasin D did not 
show a strong effect in uptake assays. The results with latrunculin B were very 
fluctuating, cytochalasin D seemed to eventually inhibit uptake slightly but the changes 
were close to the detection limit. Regarding mammalian cells there are many correlative 
data suggesting interactions between endocytosis and the cytoskeleton (May and 
Machesky, 2001; Engqvist-Goldstein et al., 2004). Although, in polarized epithelial 
cells cytochalasin D treatment showed differential effects on basolateral and apical 
endocytosis (Jackman et al., 1994; Shurety et al., 1996). This may indicate that actin is 
not an absolute requirement in those cells for receptor-mediated internalization. As the 
plasma membrane of all mammalian cells is directly linked to an underlying 
submembranous actin-rich cytoskeleton (the cell cortex), it is not surprising that the 
actin cytoskeleton may regulate endocytic as well as exocytic events. Regarding plant 
cells, there is also good evidence that fine actin meshworks are critical for events 
occurring at the plasma membrane (Samaj et al., 2004). Baluska et al. (2002) 
demonstrated that F-actin mediates endocytosis of cell wall pectins in meristematic root 
cells. Depolymerization of F-actin by latrunculin B inhibited internalization of cell wall 
pectins. Furthermore, Grebe et al. (Grebe et al., 2003) reported actin dependent early 
endocytic sterol traffic. This is in contrast to animal cells, where trafficking of early 
endosomes is mediated by microtubules. Movement along actin filaments is usually 
mediated by the motor protein myosins. Correspondingly, Baluska et al. (2004) recently 
reported that 2,3-butanedione monoxime (BDM), a general myosin inhibitor, inhibited 
fluid phase endocytosis of Lucifer Yellow into maize root cells. When tested in uptake 
assays, BDM did not show a strong effect on membrane uptake (Fig. 50). This suggest 
that changes in endocytosis caused by BDM can be detected by microscopic 
observation (Baluska et al., 2004) but do not cause sufficient inhibition of plasma 
membrane uptake for detection with the uptake assay.  
Uptake assays with the MAP kinase inhibitors UO126 and Apigenin showed 
inhibition of uptake. Studies on inhibition of MAPK in growing root hair tips implicated 
involvement of MAPKs in vesicle traffic and vacuole dynamics (Samaj et al., 2002). 
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Taken together with the uptake assay results, MAPKs seem to have a general role not 
only in vesicle trafficking but also in membrane turnover. Immunolocalization of 
MAPKs in plant cells showed spot like structures in the cytoplasm (Samaj et al., 2002) 
but the nature of these spots remains unknown. Studies in mammalian cells 
demonstrated that components of the MAPK signaling pathway associate in their 
activated phosphorylated state with signaling endosomes (Pol et al., 2000; Howe et al., 
2001). This poses the interesting question whether a similar setting may be the case in 
plants. 
A large part of compounds tested in uptake assays comprised the phytohormone 
auxin and auxin transport inhibitors. Auxin inhibitors disrupt auxin efflux from the cells 
but their mode of action is partly unknown. Polar auxin transport is thought to be caused 
by the asymmetric distribution of auxin influx and efflux carriers in the plasma 
membrane (Palme and Galweiler, 1999). The polar localization of the efflux carrier 
PIN1 supports this model. Geldner et al. (2001) showed that the seemingly static polar 
localization of PIN1 is maintained by rapid internalization into an endosomal 
compartment and recycling to the plasma membrane. The auxin transport inhibitor 
TIBA blocks cycling of PIN1 by interfering with membrane-trafficking processes 
(Geldner et al., 2001). Uptake assays with TIBA verified the inhibition of membrane 
uptake in concentration dependent manner. The prevention of BFA induced 
accumulation of endosomal compartments by pretreatment with TIBA further 
confirmed that TIBA acts in an early step of membrane internalization. To analyze 
whether the inhibition of membrane uptake is indeed a general effect of auxin efflux 
inhibitors, uptake assays were also performed with another auxin transport inhibitor. 
N-naphtylphtalamic acid (NPA) is a strong inhibitor of auxin efflux, but the mechanism 
of this inhibition remains unknown. Surprisingly, in contrast to TIBA, NPA stimulated 
uptake, but the stimulation decreased with increasing concentration. At concentration 
above 150 µM the effect reversed and inhibition of uptake was detected. The 
observation of increased uptake by up to 50 µM NPA strongly suggests that NPA acts 
by a different mechanism than TIBA. The reversing effect on uptake with higher NPA 
concentration is striking. A concentration dependent reversing action of NPA was also 
observed in respect to accumulation of the auxin naphthalene acetic acid (NAA) in BY-
2 cells (Petrasek et al., 2003). Auxin accumulation was extremely sensitive to NPA and 
stimulated approximately 3-fold in the presence of 10-50 µM NPA. Maximal 
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stimulation of NAA accumulation occurred by as little as 1 µM NPA and declined at 
concentrations around or greater than 100 µM. As the molecular target and action of 
NPA is not known, the explanation of the observed surprising effects is unclear. As 
NPA leads to increasing intracellular auxin accumulation in a concentration dependent 
effect from 1-100 µM, it may be suspected that the observed concentration dependent 
effect on membrane uptake is secondary, promoted by the intracellular auxin 
concentration itself. Therefore, uptake assays with the artificial auxins 2,4-D and NAA 
and the naturally occurring IAA were performed. Auxin uptake assays indeed 
confirmed that auxins influence plasma membrane turnover. The auxins also prevented 
the increase in fluorescence intensity caused by BFA in cotreatment uptake assays. This 
further encouraged that auxins inhibit internalization at the plasma membrane. The 
auxins tested showed inhibition of membrane uptake in concentration dependent 
manner, except at 1 µM, the lowest concentration tested in the assays. At 1 µM the 
auxins promoted a slight increase in membrane uptake. A reversing effect of auxins is 
also known in relation to stimulation of growth. Usually, auxins promote growth at low 
concentrations and inhibit at high concentrations. Accordingly, 2,4-D is present in 
regular medium at 1 µM but is also widely used as herbicide at higher concentrations. 
The observation of a similar reversing effect in terms of endocytosis suggests a link 
between endocytic activity and growth. Remarkably, the strength of the effects by the 
tested auxins observed in uptake assays correlated with their strength in auxin action. 
The artificial auxin 2,4-D demonstrated the strongest effect on uptake with a clear 
concentration dependent pattern followed by NAA, a derivative of the naturally 
occurring auxin IAA. Compared to the artificial and semi-artificial auxins, IAA did not 
show a concentration dependency and inhibited uptake only at high concentrations. The 
differences in excerting the observed effect may lie within the membrane transport and 
chemical properties of the molecules itself. 2,4-D has a low passive membrane 
permeability and is substrate for the uptake carriers but not the efflux carrier. Therefore, 
2,4-D accumulates within the cell. NAA in contrast has high passive membrane 
permeability but is not a substrate for the uptake carrier. It shows reduced retention in 
tobacco cells as it is a good substrate for the efflux carrier (Delbarre et al., 1996). 
Compared to the artificial auxins, IAA is a good substrate for both uptake and efflux 
carriers but has a poor chemical stability. The relatively lipophilic undissociated 
molecule can enter the cell by passive diffusion. Concerning the different rates of export 
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and chemical stability, it seems reasonable that the chemically very stable, intracellular 
accumulating 2,4-D also shows the strongest effect. As NAA is effectively exported 
from the cytosol by the efflux carriers, it may not reach high intracellular concentrations 
comparable to 2,4-D. Nevertheless, it is more stable than the natural auxin IAA and also 
shows a more prominent effect. 
By affecting internalization and endocytosis, auxins may shift the rate of endo- 
and exocytosis of constitutively cycling plasma-membrane proteins such as PIN auxin 
efflux carriers. This provides a mechanism for an auxin signaling pathway where the 
activity of cell surface proteins is regulated by endocytosis-mediated modulation of 
their levels at the plasma membrane. Thereby, auxins would promote their own efflux. 
The effect of auxins on their own efflux has never been described before. Nevertheless, 
this is the prerequisite for classical “canalization hypothesis”, which was originally 
formulated to explain self-organizing properties, flexibility and directionality of newly-
formed vascular strands (Sachs, 1991). Recently, this model has been extended also to 
include basic patterning processes such as axis formation and organogenesis (Berleth 
and Sachs, 2001). Auxin itself, provided from local auxin sources, is thought to enhance 
auxin conductivity of cells by a positive feed-back mechanism. This requires the 
gradual establishment of cellular polarity and, thus, auxin transport polarity, which 
would be propagated and reinforced by inducing adjacent cells to polarize in the same 
direction, leading to the gradual establishment of efficient auxin channels (Sachs, 1991). 
Increasing levels of auxin-transport proteins at the cell surface as a result of auxin-
dependent inhibition of their internalization provide the so far elusive mechanistic 
explanation of how auxin can enhance its own transport. The rapid regulation of the 
activity of various proteins such as ion and water channels, transporters and receptors 
by modulating their level at the cell surface by signaling molecules, such as hormones, 
is known from animal cells. The classical example is the translocation of the glucose 
transporter GLUT4 from endosomes to the cell surface in response to insulin. In this 
manner, insulin promotes glucose uptake into muscle or fat cells. Similarly, the 
translocation of ionotropic receptors such as AMPA is important for the synaptic 
transmission. The same mechanism also operates in water homeostasis, which is 
regulated by vasopressin-mediated aquaporin subcellular trafficking (Royle and 
Murrell-Lagnado, 2003). Up to now, a similar mode of action has not been observed in 
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plants. This data provides for the first time evidence, that plants may regulate the 
activity of cell surface proteins in a way similar to hormone action in animals. 
Conclusions and Outlook 
In this study, a tool was generated that identifies compounds with strong effects on 
endocytosis. The functionality of the uptake assays was verified by testing several 
pharmacological compounds on their effect on membrane internalization. Screening of 
auxins and polar auxin transport inhibitors with uptake assays revealed a new mechanism of 
auxin action by changing internalization and thereby eventually the levels of cell surface 
proteins. However, the uptake assay is focused on general membrane internalization; it does 
not provide specified information about distinct endocytic processes such as receptor-
mediated or coatomer-mediated endocytosis. The uptake assay performed as described in 
this study only allows screening of a small component number as the assay is performed 
manually and labor intensive when performed for several pharmacological components. In 
future steps, the assay has to be adapted to a format that allows high-throughput screening 
of compound libraries on their effect on endocytosis and membrane turnover. The 
adaptation to a high-throughput format of the assay needs the transformation of the assay 
from a manually performed total fluorescence intensity based format to an automated 96-
well format based on confocal microscopy image aquisition. The critical point in 
automation consists of the washing steps during the assay. BY-2 cells do not adhere to 
surfaces as mammalian cell cultures do. Thus, washing steps by automated pipetting as 
usually involved in high-throughput screens with mammalian cell cultures are not 
practicable. Therefore, for high-throughput sreening, the assay has to be changed from total 
cell fluorescence intensity measurement to image analysis based measurements where the 
washing steps to remove residual plasma membrane bound dye are dispensable. A possible 
scenario involves the “Opera High-Throughput Confocal Image Reader”. With the Opera 
system, the washing steps could be ommited, instead of reading the total fluorescence 
intensity of the cell suspension in one well, several confocal images per well are aquired. To 
evaluate the amount of internalized dye per cell, the aquired images are analyzed in terms of 
total internal versus plasma membrane fluorescence of each single cell. Up to that point, 
preliminary experiments have successfully been performed. The image analysis is the 
challenging step of the high-throughput format, as it requires highly specialized image 
recognition software. A similar image recognition based screening set-up is already under 
use for mammalian cells. Unfortunately, image recognition software for mammalian cell 
analysis is unapplicable for BY-2 cells. Those cells characteristically grow in chains and 
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small clumps. The automated software used to date usually recognizes one chain or clump 
as one cell and is at the moment the limiting factor for high-throughput analysis. With a 
suitable software tailored to BY-2 cells, the image analysis based high-throughput format 
would also allow to screen more specifically as also effects including morpological changes 
in addition to membrane uptake such as accumulation of vesicles, alterations in strand 
number and cell architecture could be monitored. The Opera system can also handle two 
wavelegths simultaneously. This allows the use of a second dye for counterstaining or 
visualization of special substructures within the cell for enhanced screening possibilities. A 
promising application of the uptake assay in high-thoughput format could be the 
identification of new potential herbicides and herbicide development. As treatment with 
2,4-D revealed, its action is based on inhibition of membrane internalization, a feature that 
can be well detected with the uptake assay. Furthermore, in connection with elaborate 
image recognition software, the uptake assay can be used to discover new compounds 
interacting with discrete steps in plant cell membrane traffic that may help to elucidate 
trafficking pathways in plant cells. 
 
To summarize, this work contributes to the steadily growing pool of evidence that 
endocytosis in plants is of fundamental importance and central to plant growth and 
development. This is in contrast to an initial dispute on the existence of plant 
endocytosis, drawn into question because of the turgor pressure and rigid cell walls 
(Oparka et al., 1993; Hawes et al., 1995). This work suggests similarities between 
animal and plant cell endocytosis as mammalian endocytosis signals were recognized 
and processed in plant cells. This result may be indicative of a well conserved pathway 
of receptor-mediated endocytosis within eukaryotes. Auxin is one of the most important 
molecules regulating plant growth and morphogenesis. Its action as a morphogen-like 
agent requires tight regulation of its transport. Results of the auxin uptake assays 
suggest that endocytosis is crucial for an auxin-signaling pathway where auxin mediates 
its own transport, on cellular level as well as throughout the plant. Taken together with 
older findings that auxin accumulates within plasma membrane-derived vesicles in vitro 
(Lützelschwab, 1989) and auxin transport inhibitors do not affect auxin transport per se 
but rather inhibit the recycling of the auxin efflux carrier PIN1, this even may suggest a 
neurotransmitter-like model of vesicle traffic based auxin transport (Luschnig, 2001; 
Friml and Palme, 2002; Baluska et al., 2003). 
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5 Summary 
Endocytosis is a fundamental property of all eukaryotic life and is involved in 
metabolism, differentiation, signal transduction and responses to the environment. The 
endocytic pathway is well defined in animal cells whereas in plant cells, the endosomal 
system is largely unknown. Recent research indicates a central role of endocytosis as a 
regulatory mechanism in plant morphogenesis and growth (Baluska et al., 2003; 
Geldner et al., 2003). Motivated by the growing interest in plant endocytosis, this work 
was intended to examine the endocytic pathway and its regulation in plant cells by 
different approaches and techniques. Three-dimensional time-lapse (4D) imaging was 
used to investigate the structure and dynamics of the plant vacuole, the terminal 
compartment of the endocytic pathway, and endosome trafficking in living tobacco BY-
2 cells. Staining of the vacuolar membrane and endocytic compartments was obtained 
by using internalization of membrane bound, fluorescent styryl dyes, which reached the 
tonoplast by endocytic uptake (Ueda et al., 2001; Emans et al., 2002). 4D imaging of 
the labeled vacuolar membrane revealed a structurally complex and dynamic 
morphology. The vacuole is traversed by multiple trans-vacuolar strands (TVS), which 
moved along each other and were able to fuse. New strands were created by fission of 
large membrane sheets. These observations lead to propose a model for TVS 
homeostasis whereby fusion and fission of TVS drive the alterations in TVS number 
that are observed across the cell cycle in plant cells (Kutsuna and Hasezawa, 2002). By 
double labeling, endocytic vesicle traffic was followed within the dynamic TVS. The 
movement occurred in a stop-and-go fashion with an average vesicle velocity of 0.46 
µm/sec and a peak velocity of 0.82 µm/sec.  
Membrane traffic and internalization was studied via different GFP fusion 
constructs. GFP fused to the GPI-anchored cell surface protein AtGPIP1 from A. 
thaliana allowed to visualize the secretory pathway in connection to endocytosis of dye 
labeled plasma membrane and assess the effect of Brefeldin A (BFA) on both pathways 
in plant cells. BFA is a fungal toxin and affects Golgi structure, endocytic recycling and 
secretion in animal cells. Imaging of the BFA effects in the cellular context in plant 
cells showed the formation of ER-Golgi hybrids and so-called “BFA compartments”. 
Double labeling of secretory and endocytic pathway in one cell demonstrated that the 
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“BFA compartment” is a composite structure consistent of endosomal and secretory 
membrane components. The simultaneous observation of both BFA promoted structures 
in one cell has rarely been imaged before and is suggested as a result of the presence of 
AtGPIP1-GFP in the cis- as well as the trans-Golgi apparatus. The regulation of 
endocytosis in plant cells was analyzed by an artificial receptor construct comprising of 
the cytosolic tail of the wild-type rabbit poly-Ig receptor and GFP on the extracellular 
side. The endocytic behavior of this fusion protein was compared with a second fusion 
protein containing the pIgR tail with a mutated endocytosis signal fused to GFP. The 
observed decrease in endocytosis of the mutant construct suggests the functionality of 
mammalian endocytosis signals in plant cells and indicates that the prerequisites for 
receptor-mediated endocytosis in plant cells exist. Furthermore, relocation of both 
fusion proteins to the cell plate during cytokinesis suggests that also the targeting 
signals within the pIgR tail are recognized. In addition to signal mediated endocytosis 
of the artificial receptor also the endocytosis signal of a native plant receptor-like 
protein was intended for examination. The Ve2 protein from tomato was suggested as 
cell-surface receptor based on the sequence (Kawchuk et al., 2001). As the sequence 
also contains a potential endocytosis signal, Ve2 and a mutant version of Ve2 with 
altered endocytosis signal were chosen for fusion to GFP. However, the fusion proteins 
were localized to the ER, even after removal of a potential ER localization signal. 
Therefore, the endocytosis signal was irrelevant and suggests that sequence based 
prediction is not suitable for selecting a plant receptor for endocytosis studies.  
In the last part of this work, an assay was developed that quantified membrane 
internalization in plant cells for screening of compounds on their effects on endocytosis. 
Several known compounds were tested for the proof-of-principle of the assay. Testing 
of BFA confirmed the results obtained on cellular context by microscopy of transgenic 
cells expressing AtGPIP1-GFP and showed inhibition of recycling. In addition to its 
role in Golgi-mediated secretion and endocytic recycling, it was found that BFA also 
inhibited endocytic uptake in this study. The assay was further used to screen auxins 
and inhibitors of polar auxin transport. The polar auxin transport inhibitor TIBA was 
shown to inhibit membrane cycling of the auxin efflux carrier PIN1 thereby resulting in 
inhibition of auxin transport (Geldner et al., 2001). The inhibition of membrane 
internalization by TIBA was confirmed in uptake assays. Auxins demonstrated a 
reversing effect on endocytosis in uptake assays. At low concentrations auxins seem to 
Summary 128 
 
promote uptake slightly whereas at high concentrations internalization is inhibited. 
Taken together with the findings that inhibition of membrane cycling of PIN1 blocks 
auxin transport, this suggests an auxin signaling pathway, where auxins mediate their 
own transport within the plant by endocytosis-mediated modulation of the activity of 
cell surface proteins by their levels at the plasma membrane. 
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6 Zusammenfassung 
Endozytose ist eine fundamentale Eigenschaft des eukaryontischen Lebens und ist 
involviert in Metabolismus, Differenzierung, Signaltransduktion und Reaktionen auf die 
Umwelt. In tierischen Zellen ist der Endozytoseweg gut beschrieben, während das 
endosomale System in pflanzlichen Zellen weitgehend unbekannt ist. Neuere 
Forschungsergebnisse deuten auf eine zentrale Rolle der Endozytose als regulatorischer 
Mechanismus in Pflanzenmorphogenese und Wachstum hin (Baluska et al., 2003; 
Geldner et al. 2003). Motiviert durch das wachsende Interesse an pflanzlicher 
Endozytose beabsichtigte diese Arbeit, Endozytosewege und ihre Regulation in 
Pflanzenzellen mit unterschiedlichen Ansätzen und Techniken zu erkunden. Drei-
dimensionale Zeitrafferaufnahmen (4D) wurden zur Untersuchung der Struktur und 
Dynamik von Pflanzenvakuolen – dem terminalen Kompartiment des Endozytosewegs 
– und dem Endosomenverkehr in lebenden Tabak BY-2 Zellen genutzt. Die Färbung der 
Vakuolenmembran und endozytischen Kompartimente wurde durch Internalisierung 
von membrangebundenen, fluoreszierenden Styryl-Farbstoffen erreicht, die den 
Tonoplast durch endozytotische Aufnahme erreichen (Ueda et al., 2001; Emans et al., 
2002). 4D Bildgebung der markierten Vakuolenmembran offenbarte eine strukturell 
komplexe und dynamische Morphologie. Die Vakuole ist von mehreren trans-
vakuolaren Strängen (TVS, trans-vacuolar strands) durchzogen, die sich aneinander 
entlang bewegen und auch miteinander fusionieren können. Neue Stränge entstanden 
durch Spaltung von großen Membranflächen. Diese Beobachtungen führten zur 
Beschreibung eines Modells der Stranghomöostase, in welchem Fusion und Spaltung 
von TVS die Veränderungen in der TVS Anzahl bewirken, die während des 
Zellzykluses in Pflanzenzellen sichtbar sind (Kutsuna and Hasezawa, 2002). Mittels 
Doppelfärbungen wurde der endozytotische Vesikelverkehr in den dynamischen TVS 
verfolgt. Die Bewegungen fanden in einem stop-and-go Muster mit einer 
durchschnittlichen Vesikelgeschwindigkeit von 0,46 µm/sec und einer Spitzen-
geschwindigkeit von 0,82 µm/sec statt. 
 Membranverkehr und –internalisierung wurden anhand verschiedener GFP 
Fusionskonstrukte untersucht. Eine Fusion von GFP an das GPI-verankerte Zellober-
flächenprotein AtGPIP1 von A. thaliana erlaubte die Visualisierung des sekretorischen 
Zusammenfassung 130 
 
Vesikelwegs in Verbindung mit Endozytose von farbmarkierter Plasmamembran und 
Testen des Effekts von Brefeldin A (BFA) auf beide Pfade in Pflanzenzellen. BFA ist 
ein Pilztoxin und beeinflusst Golgi Struktur, endozytotisches Recycling und Sekretion 
in tierischen Zellen. Die Abbildung der BFA-Effekte im zellulären Kontext von 
Pflanzenzellen zeigte die Bildung von ER-Golgi Hybriden und so genannter „BFA 
Kompartimente“. Doppelmarkierung des sekretorischen und endozytotischen Pfades in 
derselben Zelle demonstrierte, dass das „BFA Kompartiment“ eine kompositäre 
Struktur aus endosomalen und sekretorischen Membran-Komponenten ist. Die 
simultane Beobachtung von beiden durch BFA verursachten Strukturen in einer Zelle ist 
bisher nur selten beobachtet worden und scheint eine Folge der Präsenz des AtGPIP1-
GFP Fusionsproteins sowohl im cis- als auch im trans-Golgi Apparat zu sein. Die 
Regulierung der Endozytose in Pflanzenzellen wurde durch ein künstliches Rezeptor-
Konstrukt bestehend aus dem zytosolischen und transmembran Anteil des wild-typ 
Kaninchen Poly-Ig-Rezeptors (pIgR) und GFP auf der extrazellulären Seite. Das 
endozytotische Verhalten dieses Fusionsproteins wurde mit einem zweiten 
Fusionsprotein verglichen, in dem das Endozytosesignal des Poly-Ig-Rezeptors mutiert 
war. Die beobachtete reduzierte Endozytose des mutierten Konstrukts weist darauf hin, 
dass tierische Endozytosesignale in Pflanzenzellen erkannt werden und lässt vermuten, 
dass die Voraussetzungen für Rezeptor-vermittelte Endozytose in Pflanzenzellen 
gegeben sind. Im Weiteren scheinen auch die Targeting Signale des pIgR Schwanzes 
erkannt zu werden, da beide Fusionsproteine während der Zytokinese exklusiv in die 
Zellplatte verlagert wurden. Zusätzlich zur signalvermittelten Endozytose der 
künstlichen Rezeptorproteine sollte auch ein Endozytosesignal eines natürlichen 
Rezeptor-ähnlichen Proteins aus Pflanzen untersucht werden. Vom Ve2 Protein aus 
Tomate wurde aufgrund der Sequenz vermutet, dass es sich um ein Zelloberflächen-
Rezeptor handelt (Kawchuk et al. 2001). Da die Sequenz auch ein potentielles 
Endozytosesignal enthält, wurde Ve2 und eine Ve2 Variante mit mutiertem 
Endozyotsesignal zur Fusion mit GFP ausgewählt. Beide Fusionsproteine waren jedoch 
im ER lokalisiert, auch nach Entfernung eines potentiellen ER Lokalisierungssignals. 
Von daher war das Endozytosesignal irrelevant und zeigt, dass ausschließlich 
sequenzbasierte Vorhersagen zur Auswahl eines Pflanzenrezeptors für Endozytose-
studien nicht geeignet sind. 
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 Im letzten Teil dieser Arbeit wurde ein Assay entwickelt, der Membran-
Internalisierung in Pflanzenzellen quantifiziert und zum Screening von Komponenten 
auf ihren Effekt bezüglich Endozytose genutzt werden kann. Mehrere bekannte 
Komponenten wurden zum Beweis der Funktionalität des Assays getestet. Die Assay 
Ergebnisse mit BFA bestätigten dabei die durch Mikroskopie von transgenen, AtGPIP1-
GFP exprimierenden Zellen gewonnenen Ergebnisse und zeigten eine Inhibierung des 
Recyclings. Zusätzlich zur Rolle von BFA in Golgi-vermittelter Sekretion und 
endozytotischem Recycling zeigte sich in dem Assay, dass BFA auch in einem 
gewissen Maß endozytische Aufnahme hemmt. Der Assay wurde im Weiteren dazu 
genutzt, Auxine und Inhibitoren des polaren Auxin Transports zu screenen. Der polare 
Transport Inhibitor TIBA hemmt das Membran-cycling des Auxin Efflux Carriers 
PIN1, was zu einer Hemmung des Auxin Transports führt (Geldner er al., 2001). Die 
Hemmung der Membran-Internalisierung durch TIBA konnte mit dem Uptake Assay 
bestätigt werden. Auxine zeigten in dem Assay einen umkehrenden Effekt auf die 
Endozytose. In niedrigen Konzentrationen scheinen Auxine die Membranaufnahme zu 
begünstigen während hohe Konzentrationen die Internalisierung hemmen. Zusammen 
genommen mit der Erkenntnis, dass die Hemmung des Membran-cyclings von PIN1 zur 
Blockade des Auxintransports führt, deuten diese Ergebnisse auf einen Auxin 
Signalpfad hin. In diesem regulieren Auxine ihren eigenen Transport innerhalb der 
Pflanze durch Endozytose-vermittelte Modulation der Aktivität von Zelloberflächen-
Proteinen über deren Konzentration an der Plasmamembran. 
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Appendix A.  Abbreviations 
aa   amino acid 
Amp   ampicillin 
AmpR   ampicillin resistance 
ARF   ADP-ribosylation factor 
AP   alkaline phosphatase 
APS   ammonium persulfate 
ATP   adenosine triphosphate 
A. thaliana  Arabidopsis thaliana 
A .tumefaciens Agrobacterium tumefaciens 
BCIP   5-bromo-4-chloro-3-indolyl-phosphate 
BFA    Brefeldin A  
BSA   bovine serum albumin 
bp   base pairs 
BY-2   N. tabacum L. cv. “Bright Yellow” 2 
CaMV   cauliflower mosaic virus 
Cb   carbenicillin 
CbR   carbenicillin resistance 
CCV   clathrin-coated vesicle 
CCP   clathrin-coated pit 
cDNA   copy-DNA 
CHS   chalcone synthetase 
cm   centimeter 
cm3   cubic centimeter 
cv.   cultivar 
2,4-D   2,4-dichlorophenoxy acetic acid 
Da   Dalton 
DMSO  dimethylsulfoxid 
DNA   desoxyribonucleic acid 
dNTP   desoxy nucleosidtriphosphate 
DTT   dithiothreitol 
E. coli   Escherichia coli 
EDTA   ethylenediaminetetraacetate 
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EM   electron microscopy 
ER   endoplasmic reticulum 
et al.   and others 
FA   formaldehyde 
Fc   fragment constant 
Fig.   figure 
GAMAP  goat anti-mouse konjugated alkaline phosphatase 
GEF   GTP exchange factor 
GFP   green fluorescent protein 
ddH2O   bidestilled water 
IAA   indole acetic acid 
kb   kilo bases 
KH2PO4  potassium hydrogenphosphate 
Km   kanamycin 
KmR   kanamycin resistance 
l   liter 
LPH   codonoptimized signal peptide of mab24 heavy chain 
M   molar 
mA   milliampere 
mbar   millibar 
MES   2-(N-morpholino)ethansulfonic acid 
mg   milligram 
µg   mikrogram 
µF   mikrofarad 
MgCl   magnesium chloride 
MgSO4  magnsium sulfate 
min   minute 
ml   milliliter 
µl   mikroliter 
mM   millimolar 
µM   mikromolar 
mRNA  messenger RNA 
MS   minimal salt (plant media supplement) 
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MSMO  Murashige and Skoog basal salt with minimal organics 
MVB   multi-vesicular body 
NAA   naphthalene acetic acid 
NaCl   sodium chloride 
NBT   nitrobluetetrazolium 
ng   nanogram 
nmol   nanomol 
N. tabacum  Nicotiana tabacum 
NPA   naphtylphtalamic acid 
OD   optical density 
ON   over night 
PAA   polyacrylamide 
PAGE   polyacrylamide gel-electrophoresis 
PBS   phosphate buffered saline 
PBS-T   phosphate buffered saline with 0.05% (v/v) Tween-20 
PCR    polymerase chain reaction 
PCR    partially-coated reticulum (in connection with endocytosis) 
PM   plasma membrane 
pIgR   rabbit poly-Ig receptor 
Rif   rifampicin 
RifR   rifampicin resistance 
RNA   ribonucleic acid 
rpm   rounds per minute 
RT   room temperature 
sec   seconds 
SDS   sodium dodecyl sulfate 
TBE   Tris/boronacid/EDTA-buffer 
TEMED  N,N,N’,N’-tetramethylenediamin 
Tris   Tris-(hydroxymethyl)-aminoethan 
TGN   trans-Golgi network 
TIBA   2,3,5-triiodobenzoic acid 
TVS   trans-vacuolar strands 
(v/v)   volume per volume 
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W   Watt 
wt   wild-type 
(w/v)   weight per volume 
x   arithmetic mean 
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Appendix B. Vesicle Count Results 
Table 7 Detailed listing of all counted vesicles in transgenic BY-2 cells expressing pIgRwt-GFP 
vesicle count 
cell no. 
GFP FM4-64 overlapping 
endosomal percentage (%)
 1 6 4 1 16.7
 2  4 4 0 0.0
 3 4 15 1 25.0
 4 6 2 1 16.7
 5 15 9 4 26.7
 6 4 9 0 0.0
 7 16 49 2 12.5
 8 12 8 1 8.3
 9 3 14 2 66.7
 10 11 13 6 54.5
 11 8 12 2 25.0
 12 15 2 0 0.0
 13 3 6 2 66.7
 14 7 6 3 42.9
 15 8 3 1 12.5
 16 6 7 0 0.0
 17 6 15 4 66.7
 18 5 10 2 40.0
 19 21 16 8 38.1
 20 3 9 2 66.7
 21 3 4 0 0.0
 22 8 14 7 87.5
 23 1 5 1 100.0
 24 4 0 0 0.0
 25 4 8 3 75.0
 26 19 17 5 26.3
 27 7 10 1 14.3
 28 21 12 5 23.8
 29 8 15 3 37.5
 30 10 7 2 20.0
 31 22 15 7 31.8
 32 40 48 12 30.0
 33 33 45 15 45.5
 34 14 28 9 64.3
 35 18 16 4 22.2
 36 36 10 5 13.9
 37 27 23 10 37.0
 38 21 9 6 28.6
 39 23 4 3 13.0
 40 17 15 4 23.5
 41 18 7 1 5.6
 42 20 25 9 45.0
 43 32 29 11 34.4
average 13.2 13.5 3.8 31.7
standard deviation 9.9 11.5 3.7 25.2
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Table 8 Detailed listing of all counted vesicles in transgenic BY-2 cells expressing pIgRmut-GFP 
vesicle count 
cell no. 
GFP FM4-64 overlapping 
endosomal percentage (%) 
 1 17 14 0 0.0
 2 32 22 0 0.0
 3 35 2 0 0.0
 4 30 3 0 0.0
 5 21 3 0 0.0
 6 3 3 0 0.0
 7 6 17 5 83.3
 8 18 15 6 33.3
 9 36 48 13 36.1
 10 7 8 2 28.6
 11 37 38 5 13.5
 12 27 11 1 3.7
 13 29 14 2 6.9
 14 9 5 0 0.0
 15 41 34 8 19.5
 16 12 12 0 0.0
 17 19 22 3 15.8
 18 12 11 4 33.3
 19 4 8 1 25.0
 20 19 31 9 47.4
 21 14 19 4 28.6
 22 3 16 0 0.0
 23 6 12 0 0.0
 24 4 12 0 0.0
 25 10 17 6 60.0
 26 13 20 3 23.1
 27 4 6 1 25.0
 28 4 9 1 25.0
 29 7 10 0 0.0
 30 11 4 2 18.2
 31 11 10 3 27.3
 32 15 25 2 13.3
 33 14 2 1 7.1
 34 27 3 3 11.1
 35 0 12 0 0.0
 36 31 19 12 38.7
 37 12 10 1 8.3
 38 13 15 3 23.1
average 16.1 14.3 2.7 17.2
standard deviation 11.3 10.4 3.3 0.2
 
 
Appendix C: Figures 161 
 
Appendix C. Figures 
Fig. 1 Scheme of the cytoplasmic tail of the poly-Ig receptor (pIgR) 12 
Fig. 2 Plasmid map of the vector pTRA-CyGFP 17 
Fig. 3 3D reconstruction of BY-2 vacuoles 36 
Fig. 4 3D reconstruction of a BY-2 cell vacuole of a dividing cell 36 
Fig. 5 Bolus movement in trans-vacuolar strands 37 
Fig. 6 Trans-vacuolar strand dynamics in living plant cell vacuoles 38 
Fig. 7 Fusion of TVS in the vacuolar lumen 39 
Fig. 8 Generation of TVS from splitting membrane sheets 40 
Fig. 9 Double labeling of endocytic vesicles and the vacuolar membrane 41 
Fig. 10 Endosome tracking in living plant cells 42 
Fig. 11 Distribution of endosome velocities 43 
Fig. 12 Cloning strategy for construction of the plant expression vector pTRA-CyGFP-KDEL 44 
Fig. 13 Localization of GFP-KDEL in living BY-2 cells 45 
Fig. 14 Immunoblot analysis of AtGPIP1-GFP 46 
Fig. 15 AtGPIP1-GFP expressing BY-2 cells 47 
Fig. 16 AtGPIP1-GFP expressing BY-2 cells 47 
Fig. 17 Endosome labeling in  AtGPIP1-GFP expressing cells 48 
Fig. 18 Immunofluorescence microscopy of AtGPIP1-GFP and the Golgi 49 
Fig. 19 Brefeldin A effect on AtGPIP1-GFP distribution within the cell 50 
Fig. 20 BFA induced changes of endosomal and Golgi/ER structures 52 
Fig. 21 Cloning strategy for construction of the plant expression vectors pTRA-pIgRwt-GFP and pTRA-
pIgRmut-GFP 54 
Fig. 22 Immunoblot detection of pIgRwt-GFP and pIgRmut-GFP 55 
Fig. 23 Localization of pIgRwt-GFP and pIgRmut-GFP in transgenic BY-2 cells 57 
Fig. 24 Labeling of the phragmoplast by pIgRmut-GFP 57 
Fig. 25 Endosome labeling in pIgRwt-GFP and pIgRmut-GFP expressing cells 58 
Fig. 26 Endosome labeling in a pIgRwt-GFP and pIgRmut-GFP protoplast 61 
Fig. 27 Colocalization of pIgRwt-GFP with the Golgi marker JIM84 62 
Fig. 28 Incubation of pIgRwt-GFP and pIgRmut-GFP expressing protoplasts with ligand 64 
Fig. 29 Semi-automated vesicle quantification 65 
Fig. 30 Alexa 568 staining of endocytosed GFP antibody 65 
Fig. 31 Vesicle number before and after ligand treatment 66 
Fig. 32  Cloning strategy for preparation of pTRA-Ve2-MCS 67 
Fig. 33  Repair of Ve2 by site-directed mutagenesis 68 
Fig. 34  Cloning strategy for construction of pTRA-Ve2-GFP 69 
Fig. 35 Cloning strategy for construction of pTRA-Ve2mut-GFP 70 
Fig. 36 Immunoblot of Ve2-GFP and Ve2mut-GFP 71 
Fig. 37 Transgenic BY-2 cells expressing Ve2-GFP and Ve2mut-GFP 72 
Appendix C: Figures 162 
 
Fig. 38 Localization of Ve2-GFP and Ve2mut-GFP in transgenic N. tabacum cv. Petite Havana SR1 plant 
leaf epidermis 73 
Fig. 39 Cloning strategy for construction of pTRA-Ve2∆KKF-GFP and pTRA-Ve2mut∆KKF-GFP 74 
Fig. 40 Immunoblot of all Ve2 constructs 75 
Fig. 41  Localization Ve2∆KKF-GFP and Ve2mut∆KKF-GFP in transgenic BY-2 cells 76 
Fig. 42 BY-2 cell culture growth curve and endocytic activity 79 
Fig. 43 Relative endocytic activity of BY-2 cells during the growth cycle 79 
Fig. 44 Dependence of endocytosis on osmolarity 80 
Fig. 45 Brefeldin A effect on endocytosis of 15 µM FM1-43 81 
Fig. 46 Brefeldin A titration with 5 µM FM1-43 82 
Fig. 47 Latrunculin B effect on uptake 82 
Fig. 48 Reduction of endocytosis by Cytochalasin D 83 
Fig. 49 Bafilomycin effect in uptake assays 84 
Fig. 50 Butanedionemonoxime effect on uptake assays 84 
Fig. 51 Aluminum Uptake Assay Result 85 
Fig. 52 Apigenin Uptake Assay Result 86 
Fig. 53 UO126 Uptake Assay Result 87 
Fig. 54 NBA Uptake Assay Result 87 
Fig. 55 TIBA Uptake Assay Result 89 
Fig. 56 BFA Uptake Assay combined with TIBA pretreatment 90 
Fig. 57 NPA Uptake Assay Result 92 
Fig. 58 2,4-D Uptake Assay Result 94 
Fig. 59 Results of Uptake Assays with combination of 2,4-D and BFA 94 
Fig. 60 NAA Uptake Assay Result 95 
Fig. 61 Results of Uptake Assays with combination of NAA and BFA 96 
Fig. 62 IAA Uptake Assay Results 97 
Fig. 63 Fusion of trans-vacuolar strands 105 
 
Appendix D: Tables 163 
 
Appendix D. Tables 
Table 1 Oligonucleotides for cloning of pIgRwt-GFP and pIgRmut-GFP 15 
Table 2 Oligonucleotides for cloning of Ve2-CyGFP, Ve2mut-CyGFP,Ve2∆KKF-CyGFP and 
Ve2mut∆KKF-CyGFP 16 
Table 3 Oligonucleotides for sequencing 16 
Table 4 Endosomal proportion of GFP containing vesicles in transgenic cells expressing pIgRwt-GFP and 
pIgRmut-GFP (for detailed count results see appendix B) 60 
Table 5 Effects of compounds tested in uptake assays on endocytosis 88 
Table 6 Effects of auxins and auxin transport inhibitors on endocytosis 98 
Table 7 Detailed listing of all counted vesicles in transgenic BY-2 cells expressing pIgRwt-GFP 159 
Table 8 Detailed listing of all counted vesicles in transgenic BY-2 cells expressing pIgRmut-GFP 160 
 
 
Lebenslauf 
 
 
Persönliche Daten 
 
Name:   Nadia Ruthardt 
Geburtsdatum:  27.07.1976 
Geburtsort:   Frankfurt 
Familienstand:  ledig 
Staatsangehörigkeit: deutsch 
 
Schulausbildung 
 
1984-1987 Erich-Kästner-Schule, Grundschule, Hanau 
1987-1996 Hohe Landesschule Hanau, Gymnasium 
 
Studium 
 
1996-2001   Studium der Biologie an der Julius-Maximilians-Universität 
    Würzburg, 
    Diplomprüfung: 31.8.2001 
Prüfungsfächer: Zell- und Entwicklungsbiologie, 
Mikrobiologie, Biochemie 
Diplomarbeit an der Yale University (New Haven, USA), 
Departement of Molecular, Cellular and Developmental 
Biology bei Prof. Dr. Paul Forscher: “Role of PKC in target 
interactions of Aplysia californica bag cell neurons” 
 
2002-2004 Bearbeitung des Dissertationsthemas am Institut für 
Biologie VII der RWTH Aachen (Institut für Molekulare 
Biotechnologie) 
 
 
Berufstätigkeit 
 
2002-2004 Wissenschaftliche Angestellte am Institut für Biologie VII 
der RWTH Aachen (Institut für Molekulare Biotechnologie) 
 
Publikationen 
 
Lichius A, Di Fiore S, Ruthardt N, Jochems C, Emans N, Fischer R (2004) High-
throughput screening breaking new ground. European Pharmaceutical Review 2004 
issue 3 pp: 57-59 
 
Ruthardt N, Gulde N, Spiegel H, Fischer R, Emans N (in press) 4D imaging of trans-
vacuolar strand dynamics in tobacco BY-2 cells. Protoplasma 
 
Paciorek T, Zažímalová E, Ruthardt N, Petrášek J, Stierhof YD, Kleine-Vehn J, 
Morris DA, Emans N, Jürgens G, Geldner N, and Friml J (in press) Auxin inhibits 
endocytosis and promotes its own efflux from cells. Nature 
 
 
Poster 
 
Ruthardt N, Zimmermann S, Fischer R, and Emans N: 4D imaging of endocytosis in 
plant cells reveals a brefeldin A and wortmannin sensitivity. ELMI meeting 2002 
